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* Our paper on automatic conductivity measurements of CO« (Plant Physiol. 16: 643- 
646. 1941) should have included reference to the well-known method of Thomas and 

Hill (Plant Physiol. 12: 285-307. 1937). Employing dual solutions, their apparatus 

automatically records the conductivity of each sodium hydroxide solution at intervals of 
two minutes. In contrast, our aim w'as to eliminate the necessity of shifting from one 
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PLANT PHYSIOLOGY 

JANUARY, 1941 

A CRITICAL STUDY OF THE NUTRITIONAL REQUIREMENTS OF 
PHYMATOTRICHUM OMNIVORUM^ 

Paul J, Talley and Lester Af. Blank 
(with three figures) 

Introduction 

The causal orjranism of the root rot disease of cotton and numerous other 
plants, Phymatotrichum omnivornm (Shear) Duggar, has been the subject 
of numerous studies in the laboratory and in the field (10) since it was iso- 
lated by Atkinson (1). Some of these laboratory studies have been con- 
ducted to test the relative susceptibility of different tissues to the fungus 
and to test the fungicidal and inhibitory actions of various compounds or 
decoctions. Many of the culture media employed liave been wholly or partly 
of an unknown chemical nature, although some few synthetic media of 
known composition and capable of duplication have been employed (5, 7, 
8). There Inis been no generally accepted nutrient solution for the culture 
of this organism. This may be explained by the absence of any comprehen- 
sive and critical studies on a synthetic nutrient solution demonstrating that 
it contains the proper amounts of each of the required components in a 
combination which results in the most favorable balance for growth. If the 
composition and characteristics of the nutrient solution are not of a proven 
satisfactory nature it is obvious that any physiological studies conducted on 
it are incapable of the most complete evaluation and proper interpretation. 

As a basis for a series of studies on the utilization of various materials in 
the growth of P. omnivorum it seemed advisable to undertake a critical 
study to determine the effects of each required element on the rate and 
amount of growth, to ascertain the amount of each of these elements that 
should be present in the nutrient solution, and to determine the influence of 
one element or compound upon the utilization or effects of the other com- 

1 Published with the approval of the Director as Technical Contribution no. 543 of 
the Texas Agricultural Experiment Station. 
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ponents of the solution. The experiments reported herein have been 
Resigned to furnish information bearing on these points. 

Materials and methods 

The culture methods employed in this study are essentially those re- 
ported in detail in a previous paper (2). A culture of P. omnivorum, 
designated as isolate 28, was grown on potato-dextrose agar in petri dishes 
and a 5-mm. disc of mycelium and adhering agar was used as the inoculum 
for each flask. The dry weights of the inoculum pieces were between 3 and 
5 mg. in all cases. This isolate, which has been compared in previous studies 
with several other isolates, may be, considered as a representative form of 
P. omnivorum. The composition of the nutrient solutions employed was 
varied to meet the particular purposes of each experiment. The solutions 
were not purified by the CaCOa treatment since this may remove a consid- 
erable amount of the phosphates and sulphates and result in solutions whose 
concentration of the major essential ions is unknown. Reagent grade chem- 
icals were employed and salts furnishing 2 p.p.m. of iron, manganese, and 
zinc were added in each experiment. These compounds give an adequate 
supply of the essential minor elements for this organism (2). Each experi- 
mental solution was prepared so as to give five or more 50-ml. portions, each 
of which was used in a 250-ml. Erlenmeyer flask as a separate culture. After 
inoculation the cultures were incubated at 28° C. The individual fungal 
mats were harvested after time intervals which were determined hy the 
nature of the solutions and purpose of the experiments. In most cases they 
were harvested when the fungal mass w’as near or at its maximum weight. 
This was known to be approximately 21 days after inoculation with this and 
other rapidly growing isolates when cultured on the more favorable types 
of media. The dry weights of the individual fungal mats were used to mea- 
sure the growth response of the organism to the various solutions. Deter- 
minations of the pH of the culture solutions were made before inoculation 
and at the time of harvest. 

In an earlier study of the nutritional requirements of P. omnivorum, 
Ezekiel et al. (5) modified Brownes complete medium (4) by using dex- 
trose as the only source of carbon and by supplying the nitrogen as am- 
monium nitrate. This solution was designated as their solution 70 and has 
been used as such or with slight modifications, as the basic nutrient solution 
for several studies on the root-rot organism. In a study of the role of the 
minor or trace elements on the growth of P. omnivorum (2) this solution 
with very minor changes was employed as the source of carbon, nitrogen, 
and other major essential elements. It has proved to be one of the most 
favorable solutions for the artificial culture of this organism. 

In making a critical study of the elemental requirements of P. omniv- 
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orum it was desirable to place the various salts present in this solution on a 
molar basis, thus facilitating an orderly variation in the amount of each of 
the salts and their respective ions. This modification of solution 70 has been 
the basis for the experiments reported herein. The composition of the basic 
solution used in this study is as follows : 

KaHPO* (0.008 M) 

MgSO^ • m.,0 (0,003 M) 

KCl (0.002 M) 

NHiNO, (0.0125 M) 

Glucose (approximately 4%) 

Fe, Mn, Zn, each at 2 p.p.m. 

This solution differs from solution 70 by slight decreases in MgS04 * 7H2O, 
KCl, and NH4NOi, a slight increase in K2HPO4, the omission of FeCls, and 
the addition of traces of FeS04 7H2O, MnS04 4H2O, and ZnS04 7H2O. 

Experimentation and results 

Preliminary experiments demonstrated that the complete omission of 
any one component of this solution, with the exception of KCl, results in a 
marked decrease in total growth. With the omission of glucose, NH4NO3, 
MgS04, or K2HPO4 little extension of the my(*elium from the inoculum disc 
is obtained. These results demonstrate tlie essential nature of certain com- 
ponents but do not prove that each compound, and each ion, is present at 
the optimum concentration for the maximum rate of growth of P. omniv- 
or um. Since the concentration of the minor elements as employed here is 
at or very near the optimum for the growth of this fungus in an unpurified 
synthetic medium, any improvement in the composition and balance of the 
solution, if obtained, would likely be the result of alterations in the concen- 
tration of one or more of the major components. 

Variation op K 2 HPO 4 , and KCl 

A factorial experiment was designed to test the growth of this fungus 
when the concentrations of three of the salts were varied. K2HPO4 and 
MgS04 were studied at three concentrations each while KCl was either 
presimt or absent. This was planned and conducted in such a manner that 
the data could be analyzed statistically by the method of analj^sis of vari- 
ance ( 3 , 6 , 9 , 11 ). The essential principle of this type of experiment is that 
all the factors investigated, in this case K2HPO4, MgS04, and KCl, are set 
up in all possible combinations of the concentrations being studied. Infor- 
mation was obtained simultaneously in this way on the response of the 
organism to each of the different salts and also on the effects of changes in 
the concentration of each salt on the responses to the others, thus demon- 
strating the interactions of the several concentrations of these variables. 


1.3940 gm. per liter 
0.7395 gm. per liter 
0.1491 gm. per liter 
1.0006 gm. per liter 
40.0000 gm. per liter 
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These interactions are in themselves highly important since they indicate 
the balance, or lack of balance, between the various salts entering into the 
nutrient solution. K 2 HPO 4 was employed at the basic concentration, 0.008 
M, or was decreased to 0.004 M, or increased to 0.012 M. MgS 04 was em- 
ployed at the basic concentration, 0.003 M, or was decreased to 0.0015 M or 
increased to 0.006 M. KCl was employed at the basic concentration, 0.002 
M, or was omitted entirely. This resulted in 18 diiferent nutrient solutions 
which were prepared with five replicates of each. The ninety cultures were 
harvested after 21 days. The weights of the individual mats and pH deter- 
minations of each of the five replicates of the 18 treatments are presented in 
table I. In table II are included' the mean values for the reaction of the 
organism along with the analysis of variance of this experiment. 

In table I it is evident that all of these solutions have similar original pH 
values which are within the desired range for good growth of this organism. 
The usual increase in acidity as growth progresses is shown by the lower 
pH values at the time of harvest. This increase in acidity is not as marked 
in the solutions containing either of the highest two concentrations of 
K2HPO4 as it is in those containing the lowest concentration. 

The organism shows considerable variation in its response to the eighteen 
different solutions. If one assumes that the low mean weights indicate that 
the solutions on which these mats were produced are inferior to those yield- 
ing high mean values, it is possible to evaluate the effect of each of the 
variants employed in the experiment. The mean values for the reaction of 
the organism to the various salts or combinations of salts and the analysis 
of variance (table II) facilitate the interpretation of the role of each of the 
variants in the experiment. The several variables and their effects will be 
discussed in the order in which they appear in the analysis of variance 
table. In this paper odds of 99 ; 1 are used as the level of statistical signifi- 
cance while odds of 19 ; 1 are considered only as indicative. 

K2HPO4. — There is a significant difference in the response of the or- 
ganism to the three concentrations of this salt. The mean weight is much 
lower with the 0.012 M concentration than it is with either 0.004 or 0.008 M. 
There is no significant difference between the two lowest concentrations. 

MgS 04 . — ^The mean weights obtained with the three concentrations of 
MgS 04 are significantly different. There is a progressive increase in growth 
as the amount of the salt is increased. 

KCl. — The mean weights obtained with and without KCl are not signifi- 
cantly different, there being only a 6-mg. difference in the mean values. 
This does not prove that the chloride ion is non-essential since slight amounts 
probably were introduced as impurities in the various components of the 
solutions. It does show that the organism requires little if any chlorine and 
that no special addition of chloride is needed to supply it. Potassium can be 



TABLE I 

Growth responses of P. omnnorum on roMBiNVTioNS of KoHPO^, MgSO* and KCl \fter incubating for 21 days at 28° C. Four pee 

CENT. GLUCOSE, 0.0125 M NH 4 XO 3 , AND 2 P.P.M. E \CH OF IRON, M^NGVNESE, AND ZINC ARE CONSTANT FOR ALL SOLUTIONS 
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TABLE II 

Mean values and analysis or variance fob the growth responses of P. omnivorum 
ON combinations of K2HPO,, MgSOi, AND KOI 


Mean weights in mg. fob 


KJIPO* 

MgSO^ 

K,HP04 X MgS04 X KCl 

Concentration 

Mean 

Concentration 

Mean 

Concentration 

Mean 

0.004 

540 

0.0015 

423 

0.004 X 0.0015 X 0.000 

453 

0.008 

535 

0.0030 

543 

0.002 

490 

0.012 

484 

0.0060 

593 

0.0030 X 0.000 

567 





0.002 

590 

K2HPO4XKCI 

' KCl 


0.0060 X 0.000 
0.002 

582 

558 

Concentration 

Mean 

Concentration 

Mean 

0.008 X 0.0015 X 0.000 

424 

0.004 X 0.000 

534 

0.000 

517 

0.002 

463 

0.002 

546 

0.002 

523 

0.0030 X 0.000 

577 

0.008 X 0.000 

538 



0.002 

559 

0.002 

532 



0.0060 X 0.000 

612 

0.012 X 0.000 

479 



0.002 

574 

0.002 

490 



0.012x0.0015x0.000 

360 





0.002 

349 

MgS04xKCl 

K2HP04xMgS04 

0.0030 X 0.000 
0.002 

488 

477 

Concentration 

Mean 

1 Concentration 

Mean 

0.0060 X 0.000 

587 

0.0015x0.000 

413 

0.004x0.0015 

472 

0.002 

645 

0.002 

434 

0.0030 

578 



0.(1030 X 0.000 

544 

0.0060 

570 



0.002 

542 

0.008 X ((.OOl.") 

443 



0.0060 X 0.000 

594 

0.0030 

568 



0.002 

592 

0.0060 

593 





0.012x0.0035 

355 





0,0030 

483 





0.0060 

616 




Analysis of variance 






F 


Variance 

D.F. 

Mean square 


1 Required odds 




Found 







99: 1 

19: 1 

Total 

89 

10,054.0245 




KaHPO* 

2 

28,257.3854 

7.42 

4.92 

3.13 

MgSO, 

0 

228,328.5004 

59.95 



KCl 

1 

826.8871 




K.HPO.xMgSO. 

4 

21,040.5447 

5.52 1 

3.60 

2.50 

K,HPO.xKCl 

2 

759.0325 


1 


MgSO.xKCl 

2 

1,329.0488 


1 


K^HPO.xMgSO.xKO 

4 

4,561.5801 

1.20 



Error 

72 

3,808.6787 

. .. . 


•• 


Bequired and values taken from Snedecor^s table (9). 
Difference required for significance between means for odds of 99: 1 for 
K2HPO4 or Mg804 = 42.'L9 mg. 

KCl =34.00 mg. 
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furnished in adequate quantities in other compounds and the small addi- 
tional amount of potassium furnished by KCl in this experiment had no 
consistent effect. 

Interactions of the various salts. — Interaction of the variables in this 
experiment are important since they give a direct measurement and evalua- 
tion of the physiological relationships of the various salts used in these solu- 
tions. As an aid in visualizing these interactions the results are presented 



Fig. 1 . The mean responses of P. omnivorum to different concentrations of K2IIPO4, 
^gS04, and KCl and curves representing the first and second order interactions of these 
salts on the gro\^dh of the fungus. 

graphically in figure 1 . The three groups of vertical bars indicate the main 
eflPects of the several concentrations of each of the three salts. To the right 
of the vertical bars are graphs of the three first order interactions, K2HPO4 x 
MgS04, K2HPO4 X KCl, and MgS04 x KCl. At the extreme right are shown 
the mean values of the second order interaction, K2HPO4 x MgS04 x KCl. 

Interaction of K 1 .HPO 4 x MgS04. — This interaction is significant. In 
the table of mean values for this interaction (table II) the benefits of in- 
creased concentrations of MgS04 are shown to be more pronounced as the 
concentration of K2HPO4 is increased. The proper physiological balance 
between these two salts is just as important as the direct effects of either one. 
If the proper balance does not exist, the advantages of low K2HPO4 and of 
high MgS04 do not apply. This is shown very clearly in the graph (fig. 1 ) 
for the interaction of K 2 HPO 4 x MgS04. The combinations of 0.004 and 
0.008 M K2HPO4 with 0.003 M MgS04 are equally good. By increasing the 
concentration of the latter salt to 0.006 M the solutions with 0.004 M K 2 HPO 4 
are impaired slightly while those with 0.008 M K 2 HPO 4 are improved. The 
importance of this balance is more noticeable with the highest concentration 
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of K2HPO4 (0.012 M) where good growth is obtained only in combination 
with the highest concentration of MgS04 (0.006 M) . 

The remaining interactions, K2HPO4 x KCl, MgS04 x KCl, and K2HPO4 x 
MgS04 X KCl, are not significant as shown by the analysis of variance (table 

II). 

Summarizing the main effects of the three salts as shown in this experi- 
ment, it is evident that the higher mean weights are obtained with the lower 
concentrations of K2HPO4 and with the higher concentrations of MgS04, 
while the addition or omission of KCl is of no eonsequeiiee. It is further 
evident that these main effects of the individual salts cannot be extended 
indefinitely, since a balance between KjHP04 and MgS04 is extremely 
important. 

Variation of K 2 nP 04 , MgS 04 , and NH4NO3 

A second experiment was devised on the factorial design in which 
NH4NO3, K2HPO4, and MgS04 were varied at three concentrations each 
while KCl was omitted entirely from the nutrient solutions. Preliminary 
studies have indicated that benefits could be obtained by increasing the con- 
centration of NH4NO3. In this second experiment NH4NOJ was used at 
0.0125, 0.025, and 0.0375 M concentrations. The results of the preceding 
experiment suggested that K2HPO4 be studied at the 0.0048, 0.0064, and 
0.008 M concentrations and that MgS04 be supplied at the 0.0045, 0 006, and 
0,0075 M concentrations. Pour replicates of each of the twenty-seven differ- 
ent solutions were harvested after twenty-one days, which was the pei’iod of 
incubation used in the preceding factorial experiment. The original pH 
values of the solutions fall between 6.64 and 6.90. Since replicates within a 
treatment are extremely uniform the individual weights are omitted. The 
mean values and the analysis of variance are presented in table III. The 
results are presented graphically in figure 2. The variants and their inter- 
actions will be discussed in the order in which they appear in table III. 

NH4NO3. — Significant differences exist between all three concentrations 
of NH4NO^. The mean weights increase as the concentration of this salt 
increases. The 0.025 and 0.0375 M concentrations yield mean weights which 
are approximately twenty-five per cent, greater than the mean weights for 
0.0125 M concentration, 

K2HPO4. — A significant difference is attained between the mean weights 
for the three concentrations of this salt. The best growth occurs with the 
highest concentration of K2HPO4. The variation in the responses to the 
three concentrations is not as great as that with the three concentrations of 
NH4NO3. 

MgS04, — The differences between the m'ean weights for the several con- 
centrations of MgS04 are not great enough to be significant at odds of 99 : 1 
but are significant at odds of 19 : 1. The heaviest mats are produced by 
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TABLE III 

Mean values for the reaction of P. omnhorvm to combinations of 
NH^NOa, KallPO,, AND MGSO4 


Mean weights in mg. for 


NH 4 NOa 


Nn4N0.,xK2lIP04 

1 NH.NOjXKsnPO.xMgSO. 

OONCENTRATION 

Mjean 

Concentration 

Mean 

Concentration 

Meai^ 

0.0125 

593 

0.0125x0.0048 

561 

0.0125 X 0.0048 x 0.0045 

564 

0.0250 

758 

0.0060 

602 

0.0060 

563 

0.0375 

772 

0.0075 

616 

0.0075 

555 



0.0250 X 0.0048 

731 

0.0064 X 0.0045 

604 

K 2 HPO, 


0.0060 

752 j 

0.0060 

604 

Concentration 

Mean 

0.0075 

790 1 

0.0075 

598 

0.0048 

0.0064 

0.0080 

686 

705 

732 

0.0375 X 0.0048 

766 

0.0080 X 0.0045 

622 

0.0060 

761 

0.0060 

612 

0.0075 

789 

0.0075 

615 



0.0250 X 0.0048 x 0.0045 

748 

MgS04 




0.0060 

717 




0.0075 

728 

CONC’ENTRATION 

Mean 



0.0064 X 0.0045 

756 

0.0045 

712 



0.0060 

749 

0.0060 

713 



0.0075 

752 

0.0075 

698 



0.0080 X 0.0045 

781 





0.0060 

795 

K .HPO 4 X MgSO, 

NH4N0aXMgS04 

0.0075 

794 

( W( ENTRATION 

Mean 

Concentration 

Mean 

0.0375x0.0048x0.0045 

0.0060 

784 

798 

0.0048 X 0.0045 

699 

0.0125x0.0045 

597 

0.0075 

716 

0.0060 

693 

0.0060 

593 

0.0064 X 0.0045 

771 

0.0075 

666 

0.0075 

589 

0.0060 

748 

0.0064 X 0.0045 

710 

0.0250 X 0.0045 

762 

0.0075 

764 

0.0060 

700 

0.0060 

754 

0.0080 X 0.0045 

777 

0.0075 

705 

0.0075 

758 

0.0060 

827 

0.0080 X 0.0045 

727 

0.0375 X 0.0045 

777 

0.0075 

764 

0.0060 

745 

0.0060 

791 



0,0075 

724 

0.0075 

750 




Variance 


Total 
Nil, NO, 

KJIPO, 

NH^NOaXKallPO* 
NII^NO.xMgSO, 
K.JTPO,xMgS 04 
NH4NO3 X KJIPO, X MgSO* 
Error 


Analysis of variance 





F 


D.F. 

Me\n square 


1 Required odds 



Foi^nd 






99; 1 

19: 1 

107 

7,836.70 j 




2 

356,130.27 

565.24 

4.88 

3.11 

0 

19,106.06 

30.32 



0 

2,285.10 

3.63 



4 

2,129.83 

3.38 

3.56 

2.49 

4 

1,905.97 

3.03 



4 

1,543.09 

2.45 



8 

1,266.77 

2.01 

2.74 

2.06 

81 

630.05 





Uilference required for significance between means for odds 99: 1 for 
Nir,NOa, KaHPO,, or MgHO*::^ 15.61 mg 
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solutions containing MgSO^ at 0.0045 and 0.006 M concentrations. Nothing 
is gained by increasing the concentration to 0.0075 M. 

Interactions. — In a further analysis, the multiple degrees of freedom 
for the main contributors and the several interactions shown in table II 
were broken down. No additional information was gained with the excep- 
tion that one of the eight comparisons for the second order interaction 
reaches significance at odds of 99:1. An inspection of figure 2 suggests 
that this might have been anticipated. There it will be noted that the dif- 
ferent concentrations of MgS04 are quite without effect at all concentrations 
of K2HPO4 when NH4NOJ is at 0.0125, but when the latter is at 0.0375 the 
intermediate concentration of MgS04 is superior and the high concentration 
is decidedly harmful at both the low and high rates for K2HPO4. While one 
of the comparisons in the second order interaction reaches significance at 
odds of 99 : 1, none of the first order interactions does, although certain of 
them reach the 19 : 1 requirement. These relationships are shown quite 
clearly in figure 2, and no further elaboration is deemed necessary. 



NH.NOi KlNPO. M9SO4 KiMPO. MytO. M, tD. WgtOi 


Pig. 2. The mean responses of P. ommvorum to different concentrations of NII^NO.,, 
KaHPO*, and MgSO* and curves representing the first and second order interactions of 
these salts on the growth of the fungus. 

With the exception of the additional information resulting from the use 
of the three concentrations of NH4NO3 and the interactions of this salt with 
K2HPO4 and MgS04 these results are essentially what one would expect on 
the basis of the first factorial experiment. The three concentrations of 
K2HPO4 cover a relatively narrow range and fall between the lowest two con- 
centrations used in the earlier experiment, while the three concentrations of 
MgS04 vary around the highest concentration used in the preceding experi- 
ment. Under these conditions MgS04 loses significance since all three concen- 
trations are equal to, or greater than, the amount required for the best 
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growth. The three concentrations of K2HPO4, however, become significant 
since all are below the optimum amount required to maintain the balance 
indicated in the first factorial experiment. On this basis it is logical to expect 
that each of these slight increases in the concentration of K2HPO4 would 
produce significantly more growth since all solutions contain MgS04 at 
relatively high concentrations. 

The effects of the three concentrations of NH4NOJ used in this experiment 
are outstanding (fig. 2). A very large increase in growth results when the 
nitrogen content is doubled. When nitrogen is increased beyond this point 
the relative gain in growth diminishes. The highest concentration of 
NH4NO3 tends to modify the influence of the other salts present in the solu- 
tions. The significant interaction, at odds of 19 : 1, of NH4NO3 x K2HPO4 is 
a result of the relatively minor differences in the response to the different 
levels of K2HPO4 when NH4NO3 is at the 0.0875 M concentration. In a like 
manner this highest concentration of NH4NO3 has a reaction with the three 
concentrations of MgS04 different from the lowest two concentrations of 
NH4N() ,. Since the additional gain in growth is slight with the last increase 
in NII4NO3 and the reactions to K2HPO4 and MgS04 are of a variable nature 
with this highest coiK^entration, it is doubtful that the concentration of 
Nn4NOj should be increased above 0.025 M. 

Importance of balanced solution 

The direct effects of K2HPO4 and MgS04 and the desirable balance be- 
tween them suggested the advisability of testing the changes in the amount 
of growth that might be produced if these two salts were varied in a manner 
which would maintain the same balance in all solutions but would vary the 
amounts of each of the salts simultaneously. Such an experiment was de- 
signed on the factorial basis. In this experiment the balance of the various 
components was the same throughout, the ratio for the salts being the same 
as in a solution containing 0.008 M K2HPO4, 0.006 M MgS04, and 0.002 M 
KCl. Tlie solutions w^re varied by reducing the concentration of these re- 
spe('tive salts one half in one series of solutions, and by increasing the con- 
centration twdce in another and four times in still another. This gave four 
treatments having the same balance but the ratio of the concentration of these 
salts w^as 0.5 : 1 : 2 : 4. Each of these four solutions was tested with 0.0125 
and 0.025 M NIl4NOi, w’hile glucose and the trace elements wTre constant in 
all solutions. Harvests were made at 18 and 24 days. 

There is no significance to the slightly different mean values tor the four 
different concentrations of the salts. As in the preceding experiment a sig- 
nificant difference exists between the two concentrations of NH4NO3. The 
interaction of NH4NO3 with the four concentrations of salts lacks signifi- 
cance. 



12 


PLANT PHYSIOLOGY 


This factorial experiment proves that the concentrations of any one salt 
can be varied over a wide range if the salts supplying the other major essen- 
tial elements are varied in a like manner, thus emphasizing the importance 
of the balance between K2HP04and MgS04. It also indicates that the pro- 
portion of the various salts are near the optimum balance for the best 
growth under the conditions employed in these studies. 

Variation op single ions 

The experiments in which the several salts are varied individually and 
in combinations show that little, if any, further improvement in the nutri- 
tional properties of the basic solution can be obtained by this method. Two 
or more ions are varied 'simultaneously, however, in every modification ob- 
tained by varying the concentration of any of the individual salts. It 
seemed possible that the fungus might give a better growth response to a 
change in the concentration of one ion of a salt which would be offset by a 
less favorable response to a corresponding change in the other ion or ions 
contributed by this same salt. 

An experiment was designed in which each separate solution differs from 
the control by a variation in the concentration of only one major essential 
ion. The constant factors throughout are 0.025 M NH4NO3, 4 per cent, 
glucose, and 2 p.p.m. of iron, manganese, and zinc. The composition of the 
control, which is given in table lY as solution 11, is 0.008 M K2HPO4, 0.006 
M MgS04, and 0.001 M KCl. Solutions 1 to 10 differ from the control by 
having the molar concentration of one major ion increased, or decreased, 
by one-half the amount in the control. The nature of this experiment neces- 
sitates the use of several different compounds as sources of the essential ions. 
In each solution only one ion is varied with the single exception of the solu- 
tion with low phosphate (solution 3) in which the chloride ion is increased 
slightly. An additional solution was used to show the possible effect of this 
second change. No significant effect results from this increase in the con- 
centration of chlorine. The basic solution which served as a starting point 
for these studies is included (solution 12) for comparison with the control 
(solution 11). SuflScient replicates of each of the solutions were prepared 
to permit the harvest of four cultures of each at 18 and at 24 days. The 
derivation and composition of the various solutions, their original pH 
values, and the ranges of pH at times of harvest are given along with the 
mean weights of the mats in table IV. 

Analyses of variance were made for each of the groups of ions for the 
first harvest, thus comparing the effects of the low, high, and intermediate 
concentrations of each ion during this period. The differences between 
concentrations are of no significance with the exception of the concentra- 
tions of the potassium ion (solutions 1, 2, and 11). The significance in this 



TABLE IV 

Geowth responses of P. omnirorum to v\rivtion in the concentrations of the K, PO^, Mg, SO 4 , \nd Cl ions varied singly. Pour 
PER CENT. GLUCOSE, 0.025 M AND 2 P.P.M. EACH OF IRON, M:\NG\NESE, AND ZINC ARE CONSTANT FOR ALL SOLUTIONS 
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comparison is the result of the almost complete suppression of growth in solu- 
tion 1 w^hich contains the lowest concentration of potassium. A comparison 
of solutions 11 and 12 fails to show a significant difference. 

Similar analyses of variance were made for the second harvest (24 days). 
The mean weights for the high, low, and intermediate concentrations of each 
ion are more variable than they were at 18 days. Significant differences 
exist between the various concentrations of the phosphate and magnesium 
ions as well as the potassium ion. These two new significant differences can 
be discounted since they occur only after autolysis has set in. This is indi- 
cated by the rise in pH and the decrease in the mean weights for these par- 
ticular solutions in the interval between the first and second harvests. The 

t 

only solution that does not produce heavier mats in 18 days, in contrast to 24 
days, is the one containing high magnesium. There is apparently a de- 
creased rate of growth with this combination (solution 6) so that the peak is 
reached at a later date. This experiment demonstrates the adequacy of, 
and balance between, each of the ions supjilied in the control solution. The 
ranges of the balances between the different ions are either very broad or 
else poorly defined, with the excejition of those involving potassium. 

The effect of the potassium ion in this experiment may be attributed to 
either one or both of two different factors. The earlier experiments show 
the importance of a balance between K2HPO4 and MgS04. It could be 
assumed that the low potassium content of solution 1 produces a poor bal- 
ance between potassium and either one or both ions of MgS04, sin(*e the 
actual ratio of potassium to magnesium or sulphate in this solution is almost 
the reverse of that present in the better salt combinations obtained in the 
factorial experiments. If this assumption is true the main effect of 
K2HPO4 in the balance between K2HPO4 and MgS04 might be attributed 
to potassium alone, since solution 3 containing a decreased amount of the 
phosphate ion is not out of balance. Another factor entering into any 
explanation of the poor growth in solution 1 is the high concentration of 
hydrogen ions and the still further increase in the acidity of the solution 
during the period of incubation. P. omnivonim does not grow well in an 
acid solution (6). It is probable that the low pH values for this solution 
account for most of the poor response on the part of the organism. 

No two of the twelve solutions listed in table IV have the same composi- 
tion but eleven of them are satisfactory for the growth of this organism. 
The source of the essential elements is unimportant. A good nutrient solu- 
tion can be prepared by using the proper combinations of any of the phos- 
phates and sulphates of potassium and magnesium as the source of potas- 
sium, magnesium, phosphonis, and sulphur, if the concentration of the 
individual ions in the resulting solution meet the requirements for the 
proper supply and balance for growth. There are numerous solutions 
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which will serve as equally satisfactory sources of the major essential ele- 
ments for the grrowth of P. omnivorum. One of the best of these is the 
original solution containing 0.008 M K 2 HPO 4 , 0.003 M MgS 04 , and 0.002 M 
KCl with the concentration of NH 4 NO, increased to 0.025 M. It cannot be 
improved significantly by increasing or decreasing tlie amount of any of 
these major inorganic components. 

Variation of glucose and NH4NOJ 

The responses of the organism to variations in concentration of the inor- 
ganic salts have been studied thus far with the carbon source held constant 
at four per cent, glucose. An experiment was designed in which glucose 
is supplied at one, two, four, or eight per cent, and NH4NO3 is supplied at 



P. omnivorum. 
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0.0125 or 0.025 M concentrations. The constant factors in the solution are 
0.008 M K2HPO4, 0.003 M MgS04, 0.002 M KCl and iron, manganese, and 
zinc at 2 p.p.m. Sufficient replicates of each of the eight resulting solu- 
tions were employed to permit the harvest of four cultures of each at several 
time intervals. The experiment was repeated several times, varying the 
periods of incubation. The results are presented graphically in figure 3, and 
are based on the combined values obtained at 15, 20, and 25 days in each of 
three different experiments. 

The results can be interpreted in terms of total grow’^th, rate of growth, 
or efficiency of the utilization of glucose. The curves in figure 3 indicate 
that the total amount of growth is determined more by the amount of glu- 
cose in these solutions than by the amount of nitrogen. If sugar is limiting 
there is little to be gained by increasing the nitrogen content of the solution. 
The rate of growth when sugar is not limiting is influenced by the concen- 
tration of NH4NOd. This regulatory action of NH4NOJ becomes more 
noticeable as the sugar content is increased. As the peak of growth is ap- 
proached, or attained, there is little choice between the two nitrogen levels 
unless the sugar content is extremely high (8 per cent.). Only with this 
high content of sugar does the 0.0125 M concentration of NH4NOJ become 
limiting. The only constant effect of NH4NO3 in solutions containing 4 per 
cent, sugar is the increased rate of growth. 

More growth can be obtained by increasing the sugar content of the solu- 
tion with either concentration of NH4NO3 but the apparent efficiency of 
carbon utilization decreases. The concentration of NH4NO3 regulates the 
rate of carbon utilization but does not materially alter the apparent 
efficiency of this utilization unless the sugar content is above 4 per cent. 

Summary and conclusions 

The nutritional requirements of P. omnivorum in synthetic solutions 
were studied. Factorial experiments were employed to obtain data on the 
direct effect of each of the major components in the solution and on the inter- 
actions of certain of these compounds. 

The proper balance between dibasic potassium phosphate and mag- 
nesium sulphate is as important as the direct effect of either salt. If the 
concentration of one of these salts is increased appreciably the concentra- 
tion of the other salt should be increased accordingly. If the proper bal- 
ance is maintained the concentrations of dibasic potassium phosphate and 
magnesium sulphate can be decreased fifty per cent, or increased four 
hundred per cent., with no significant change in the amount of growth 
obtained. The potassium ion is more important in this balance than the 
phosphate radical. 



TALLEY AND BLANK: NUTRITIONAL REQUIREMENTS 


17 


The chloride ion is either non-essential or is furnished in sufficient quan- 
tities as impurities in the reagents. 

There is no significantly superior combination of salts for the supply of 
the inorganic nutrients. The range of tolerance for each of the major 
essential ions is relatively broad. 

A solution containing 0.008 M dibasic potassium phosphate, 0.003 M 
magnesium sulphate, 0.002 M potassium chloride, and 2 p.p.m. of iron, man- 
ganese, and zinc is not significantly improved by increasing or decreasing 
the concentration of any one of these salts or their ions. This solution is 
well balanced and the amount of growth developing on it is determined by 
the supply of nitrogen or the available carbon. 

The rate of groAvth iiuTcases as the supply of ammonium nitrate in- 
creases. This holds true only over a certain range beyond which the growth 
increment decreases rapidly. With extremely high concentrations of am- 
monium nitrate the responses to the different concentrations of dibasic potas- 
sium phosphate and magnesium sulphate are irregular. The increased 
growth rate obtained with higher concentrations of nitrogen does not 
increase the efficiency of carbon utilization. 

If the carbon source, glucose, is not a limiting factor the rate of growth 
ma 3 " be regulated b}- the nitrogen suppl.v. If glucose is limiting there is 
little if an.y gain obtained b.v increasing the nitrogen supply. 

Increasing the carbon supply increases the amount of growth but lowers 
the apparent efficneiu'v of carbon utilization. 

Grateful acknowledgment is made to Dr. H. D. Barker of the Division 
of Cotton and Other Fiber Crops and Diseases of the Bureau of Plant 
Industry for suggestions and criticisms during this investigation. 
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COMPAEISON OF RATES OP WATER INTAKE IN CONTIGUOUS 
REGIONS OP INTACT AND ISOLATED ROOTS 

Hilda F. Bosene 
(with seven figures) 

Introduction 

Althoujjrh extensive investij^ations dealing with the problem of water 
absorption in roots have been carried out for many years, practically no 
attempt has been made to obtain quantitative data on water absorption by 
root tissue per se. Most of the investij^ations in the past have been made 
on intact and topped plants. When, however, it is desirable to compare 
the activities of the root in the presence of shoot influences with those in its 
absence, it is imperative that all of the shoot tissue be removed ; since it has 
been shown (16) that auxin applied to the topped stem influences translo- 
cation of water and solutes in the roots, it may be that substances produced 
by the stem will do the same. 

It miprht be objected that roots removed from their ^‘normal’’ connec- 
tions by excision are in an ‘‘abnorinaU^ state. Such roots nevertheless 
continue to grow and trans])ort water and solutes for many hours after 
excision. As pointed out later, a given region in a single root under con- 
trolled conditions may even transport greater volumes of water after 
ex(*ision. 

Experimental studies on isolated roots and pieces of roots under prop- 
erly controlled conditions may yield results that are of fundamental sig- 
nificance to a basic understanding of the dynamics of water transport in all 
tissues. Indeed, many of the basic ])roblems of solute absorption and accu- 
mulation have been effetdively studied on excised roots by Hoagland (4), 
Hoagland and Broyer (5), Prevot and Steward (11), and Steward (17). 
With respect to water transport in root tissue per se, White (18) demon- 
strated that there was a (‘oiitinuous unidirectional flow through isolated 
tomato roots growing in vitro and that such roots manifest six atmospheres 
or more of root pressure. 

Investigations on the direct determination of water absorption by vari- 
ous root regions are few in number. These have not been carried out under 
conditions or by techniques which make the results strictly comparable. 
Even the objectives of the investigators have been dift*(*rent. To obtain con- 
sistent results such variables as age and nutritional history of the roots, 
seasonal effects on the development of the root systems, and variability of 
material must be taken into consideration (Hoagland and Broyer, 6). 
Rosene (13) demonstrated that the magnitude and distribution of rates of 
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water absorption in a single root change with aging of the tissues. Unless 
authors state the age of roots as well as the length, comparisons are not as 
significant as they might otherwise be. The structural differentiation of a 
65-mm. onion root six days old, for example, is very different from that of 
a 65-mm. root which has grown slowly and is three weeks old ; the first has 
no lateral branches, the second may be profusely branched. In the investi- 
gations of Hohn (6), SiERP and Brewig (15), and Gregory and Woodford 
(3) water intake by different root regions was expressed in centimeter 
length of root. Rosene (13) by means of a different technique determined 
simultaneously unit flow in unit time through unit surface area in the dif- 
ferent root regions. Because of differences in diameter of a single root from 
apex to base and of different roots, significance of comparisons of the results 
of the different investigators mentioned above are limited. 

Hohn (6), working with roots of Zea mays and Tradcsca7itia fluniinen- 
sis, SiERP and Brewig (15) with roots of Ticia faba, Zea mays, and Ricinis 
communis, and Rosene (13) with roots of Allium ccpa conclude that the 
entire surface of roots less than 10 cm. in length is capable of water absorp- 
tion. Both Hohn and Rosene maintain that relatively little absorption 
occurs in the apical meristem, while Sierp and Brewig conclude that this 
region frequently manifests water loss. Hohn, Sierp and Brewig, and 
Rosene are in agreement that maximum rates of water absorption are 
exhibited by relatively more basal regions in roots less than 70 mm. in 
length. 

Up to the present no study had been made to determine the rates of 
water absorption in different regions of an individual root both before and 
after excision. The present investigation was carried out with this purpose 
in mind. It serves as a foundation and departure for further studies of 
water transport by root tissue. 

Experimentation 

Method 

The investigation was restricted to relatively young onion roots {Allium 
cepa) less than 65 mm. in length and not more than a week old. The onions 
were readily cultured in aerated solutions — Trelease culture solution or in 
nutrient tap water.^ Ordinarily the roots develop no laterals in culture 
solutions until they are over 2 weeks old. Since the present study did not 
include effects of transpiration on water intake and since relatively long 
roots often developed before leaves, the roots were cultured in the dark. 
This appeared feasible because the bulb furnished a ready supply of carbo- 
hydrate. It also simplified experimental technique since the entire plant 

1 Analyses of tap water were kindly furnished at intervals by Prof. E. P. Schoch, 
Director of the Bureau of Industrial Chemistry. 
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could be .transferred to a single experimental chamber in which it was not 
necessary to illuminate the leaves at the same time that the roots were pro- 
tected from light. No analyses of roots were made ; they were of unknown 
sugar and salt content. 

Detailed description of the apparatus and technique employed are 
omitted since these have been published (13). It is, therefore, necessary 
to describe only those modifications in procedure which are pertinent to the 
present investigation. Having placed the plant in the moist chamber, the 
cover was not removed until the experiment was complete. This was pos- 
sible because all manipulations were precisely controlled from the outside. 
When desired, fluid could be added to or withdrawn from the potometers, 
menisci adjusted, the root excised or cut into segments, and the potometers 
or the root raised and lowered without disturbing the interior atmosphere. 
Rates of elongation, the average diameter of the root, height of the water 
column at each root contact, and the movement of the terminal meniscus in 
each potometer were measured with an eyepiece micrometer. No water flow 
along the root from one potometer to that below was observed. Several 
methods, including the use of dyes, were used to check on this possibility. 
Probably the most convincing check that higher rates were observed at 
higher levels because of inherent characteristics of the root itself and not 
fortuitous circumstances was the fact that when the root was inverted the 
higher rates of basal levels produced greater withdrawal of water from the 
lower potometers. Clear cut water columns without merging of menisci 
were maintained when potometers were placed side by side and the distance 
between the menisci of tlie separate root contacts was 0.2 mm. There was 
no difficulty with the appearance of bubbles at either the potometer contact 
or within the potometer tube. 

A duplicate potometer tube, separate from the root in the chamber and 
filled with the experimental solution was used as a control blank. Various 
methods were used to saturate the air within the experimental chamber with 
water vapor; in some experiments a continuous spray of water was main- 
tained within the chamber without coming into contact with the plant itself ; 
in others vapor-saturated air under a slight positive pressure was slowly 
passed through, or vessels of distilled water were placed on the chamber 
floor preceding the experiment and the interior was not disturbed during 
the experiment. Similar results were obtained by all three methods. Be- 
tween readings, the fog on the thin glass window was removed by a special 
wiper manipulated from the outside. A relatively constant room tempera- 
ture (zt 0.5° C.) was maintained throughout an experimental period. Ex- 
cised roots were maintained in position by attaching them to a fine glass rod 
with a minute quantity of vaseline ; this rod was attached to the potometer 
support. Experiments were run in quadruplicate. Volume error in rates 
due to readings was less than 0.002 mm.^ per mm.^ 
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contiguous local zones of tissue in the basal regions of two intact and two excised roots in 
a vertical position. Diagrams A and B show positions of potoineters 1 and 2 on roots 
1 and 3. The potometers on roots 2 and 4 were in the same relative positions. Curves 
1 and 2 for each root show the rates of intake at the corresponding potometer contacts. 
Boots were placed in the chambers 3 hours before observations were made. The roots were 
4 days old. Boom temperature, 26° C. 

Water intake by contiguous regions during suort 

INTERVALS OF TIME 

Comparisons of the velocities of water absorption in two adjacent rej^ions 
with relatively similar structural differentiation were made by placing? two 
adjoining potometers at basal levels in both intact and excised roots of the 
same age and length. Diagrams A and B, figure 1, show the respective 
positions of adjoining potometers on two roots ; curves of the rates of intake 
of distilled water at each of the potometer contacts in two intact and two 
excised roots are presented in figure 1. The curves are typical. Most roots, 
intact and excised, including many which absorbed nutrient solutions from 
adjoining potometers, manifested rhythmic variations in the rates of intake 
per minute; the magnitude of fluctuations varied from root to root, and 
sometimes a general drift in the velocity of absorption at each contact was 
observed. In most roots (less than 50 mm.’ in length and 3 or 4 days old), 
including those represented in figure 1, the rate at the proximal potometer 
contact was higher and the variations at the two contiguous contacts in each 
root appeared to occur quite independently of one another. 
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Comparison of rates op water intake in different intact 

AND EXCISED ROOTS DURING 24-HOUR PERIODS 

]n order to compare variations in the axial distribution of the velocity 
of absorption of intact and excised roots, readings were made at two-hour 
intervals throughout a 24-hour period. A two-hour time interval was 
selected in part because apical regions manifest comparatively slow rates; 
volume intake per unit surface area per hour was calculated for each 
interval. 

The onion bulbs with attached roots were placed in the experimental 
chambers the evening preceding each experiment. They were supplied with 
abundant water and aeration. At 8 a.m. the following morning, without 
removing the glass chamber covers, the potometers were refilled and their 
positions adjusted and the roots in two of the chambers were excised. Each 
root was maintained in a vertical position and threaded through potometers 
10 m. apart. (See diagrams P and 0, figs. 2 and 3). Exudate was col- 
lected in the top potometer in two chambers which contained excised roots. 
No readings were made until 10 a.m. 

Sixteen experiments were run. Since uniform results were obtained 
throughout, data from only four roots present the facts adequately; data 
showing the axial distribution of rates in two roots (one intact, the other 
excised) from an experiment run at a temperature of 30 ±: 0.2° C. are pre- 
sented in graphic form in figure 2, A and B, and from another experiment 
at 23.5 zb 0.2° C. in figure 3. 

A comparison of the heights of the vertical bars during the first interval 
(10 A.M. to ]2 M.) show that all tour roots exhibited the highest rate of in- 
take at a relatively basal level when the experiment began. With the excep- 
tion of the excised root shown in figure 2, B, this region continued to main- 
tain the highest velocity of intake throughout the 24-hour period; the 
maximum in root B, figure 2, api)eared at a lower level after 2 a.m. The 
maintenance of a stri(*t unidirectional gradient of distribution of velocities 
from interval to inteiwal was not exhibited by any of the four roots con- 
sidered above; this was also true in the other roots observed but not 
included in the figures. In both intact and excised roots the gradient varied 
from interval to interval, sometimes showing one or more minor peaks with 
a maximum at 30 mm. (from the apex) or above; the pattern of axial dis- 
tribution thus exhibited a state of flux which was determined by the fluctua- 
tions that appeared in each region. These fluctuations in a given root are 
evident when the heights of the bars with a given number are compared. 
Comparison of the rates at neighboring regions show that they sometimes 
exhibited fluctuations opposite in direction, one manifesting an increase and 
the other a decrease during the same interval of time. The magnitude of 
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change during consecutive intervals was not uniform in the different regions 
of a single root. 

The roots absorbed water at higher rates during the latter half of each 
experiment. Elongation in the excised roots ceased during the latter half 
of the 24-hour period but continued in the intact roots as indicated by the 
rates given below the vertical bars in each figure. Since the potometers 
were not moved throughout the experiments, the position of each relative 
to the tip “migrated’’ towards the base. The same tissue remained at each 
contact all the time, but since elongation o(*curred at the apex, the regions 
became more basal relative to the apex. “Migration” of the tip away from 
the potometers was greater in the intact root and therefore this may account 
for the steeper gradient sometimes observed in intact roots (c/. gradients 
of roots A and B, fig. 2). Since high rates at basal levels occur in young 
roots as a rule (13), this increase is to be expected in intact roots at this 
stage of development. The change in rate with time was not synchronous 
in the different root regions of intact and excised roots; different regions 
of the same root manifested maxima at different intervals. Although elon- 
gation had ceased in excised roots, they continued to absorb water at rates 
higher than those manifested during the first 10 hours after excision. In 
one or two cases not represented by figures, maximum rates were observed 
during the first half of the 24-hoiir period in both intact and excised roots. 
Whether or not excised roots exhibit periodicity was not determined. 

The range of variation in rates from minima to maxima in intact and 
excised roots throughout the 24-hour period was greater in excised roots in 
most cases. Minimal and maximal rates at each region in 12 roots observed 

during the 24-hour period are shown in figure 4. The ratio 

minimum 

given below each set of two vertical bars shows the magnitude of increase at 
the regions designated by the numbers above the bars. Diagrams of the 
exact positions of the potometers on each of the 12 roots are not given owing 
to lack of space. 

The greatest magnitude of increase exhibited by an intact root is repre- 

Fig. 2, Comparison of the axial distribution of rates of water intake in four different 
regions of an intact and excised root during two hour intervals throughout a 24-hour 
period. Roots 5 days old; grown in tap water; same medium in potometers. A, Velocity 
of absorption in intact lOot; B. Velocity of absorption in excised root. Initial positions 
of })otometers in each ease are shown by the inset diagrams P and O. Height of each 
vertical bar gives average rate of absorption in a given region during a two-hour interval ; 
each region is indicated by the number above each bar which coi responds to the number 
of the potometer in that region in the diagrams P and O. In each case the bar which 
represents the ratt at the potometer in the most distal position (nearest the apex) is at 
the left, the others follow in order. Elongation in millimeters and the average temperature 
during each interval are given below the bars. 
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sented by the ratio of 5 97 (change in rate of 600 per cent, which occurred 
in root II, figure 4, at potometer 3, at approximately 25 mm. from the 
apex^), a 5-fold increase occurred in two other intact roots (fig. 4, roots I 
and VI). The minimum increase exhibited by intact roots of this group is 

2 Rate of elongation and the consequent ‘ ^ migi atioii ’ ^ of each potometer fiom its 
initial position was not the same m all JOots« 
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represented by the ratio of 1.35 in the ease of root IV, potometer 3 (approxi- 
mately 25 mm. from the apex). 

On the other hand, the excised roots show ratios ranging from maxima 
of 11.5 and 10.5 (25- and 35-mm. levels of root VIII, fig. 4) to a minimum 
of 1.65 (at approximately 25-mm. regions of roots IX and X, fig. 4). Al- 
though a 3-fold increase at any one level was observed in only one of the 6 
intact roots (root III), increases of this magnitude occurred at one or more 
levels in five of the excised roots. 

In general the magnitude of increase in volume flow with time was 
greater in excised roots ; but the absolute velocity of absorption in the dif- 
ferent root regions was usually greater in intact roots, especially in the 
relatively more basal regions. Exceptions occurred in which excised roots 
manifested higher rates than intact roots of the same experiment. 

These experiments show that the polar axial gradient of distribution of 
velocities of intake of water exhibited by intact roots is an inherent charac- 
teristic of the isolated root removed from all bulb influence; the experiments 
also demonstrate the occurrence of oscillating rates in volume flow at dif- 
ferent root regions in both intact and isolated roots but a general increase 
in volume flow in each region with time. With respect to water absorption 
marked differences in the behavior of different intact and isolated roots 
appear to be absent. 

The data indicate that local regions of any one root exhibit characteristic 
rates of absorption which depend upon the nature of tlie local tissue in ques- 
tion. This is true both when attached to the bulb and after isolation from 
the bulb by cutting as substantia led in the following section. 

EfFEC^T of PRESENCE AND ABSENCE OF BULB ON WATER 
INTAKE BY THE kSAME ROOT 

The above experiments (ui different intact and isolated roots did not show 
whether or not absorption in one or more local regions of the same root is 
visibly affected when the root is cut from tlie bulb. Consequently, experi- 
ments were ]*un in which measurements of the rates of intake were made 
at given levels of the same root both preceding and following excision. 

Uniform results were obtained in all the experiments; typical data from 
experiments with potometers in relatively (1) apical and (2) basal positions 
are shown in figures 5 and 6 respectively. The initial positions of the 
potometers relative to the apex are shown in tlie corresponding diagrams 
A and B. Five or six potometers were used on each root ; exudate collected 
in the top potometer (no. 6, fig. 5, and no. 5, fig. 6) after excision. Clean 
cut excision of each root w’ithout disturbing the menis<»i of the lower potome- 
ters was made by placing an excess of culture solution around the root 
region at the top potometer and deftly cutting the root with a sharp piece 
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of thin razor blade attached to a long glass rod manipulated from the 
outside. 

The data represented by figure 5 were obtained from experiments with 
readings at 2-hour intervals for 6 hours preceding and 6 hours following 
excision. The average rates during a subsequent overnight period of 14 
hours were also determined. 

A comparison of the axial gradients of distribution in figure 5 shows 
that the polar apical-basal differences exhibited when the bulb was present 
were maintained in its absence; the magnitude of the apical-basal difference, 
however, was less in three of tlie roots after excision. When the rates mani- 
fested in period 3 immediately preceding excision are compared with those 
of period 4 immediately following, both an increase and decrease in rates 
at different regions are noted. The decrease in rates was conspicuous at 
potometers 3, 4, and 5 but root I showed a slight increase in volume flow at 
potomeler 4; an increase in rates was also manifested at potometer 1 in root 
IV, and at potometer 2 in root II. 

It is interesting to note that these changes in rates at local regions 
between periods 3 and 4 were not necessarily any greater in magnitude nor 
different in direction from the fluctuations which appeared between two 
other consecutive intervals, either in the presence or absence of the bulb; 
eomjiare, for example, the magnitude and direction of change at potometer 
5 root 1, and at potometer 1 root TV, during periods 1, 2, and 3 when the 
bulb was present. Furthermore, increase in volume flow during subsequent 
periods (periods 5, 6, 7, fig. 5) was exhibited by one or more regions in the 
absence of the bulb; measurements of rates of intake made immediately 
following excision are not necessarily representative of the rate of intake 
in the excised state as shown in the previous section. 

At all levels in root V (fig. 6) the average rate for 6 hours preceding was 
greater than that for 6 hours following excision, and an immediate drop 
occurred at each potometer contact except one (number 4 at 46.4 mm. from 
the a])ex). Decreased volume flow at all potometer contacts was also ex- 
hibited by root VI immediately after cutting from the bulb. On the other 
hand, the total volume intake in root VII (fig. 6) increased after the root 
had been isolated, although the region at potometer 3 maintained a higher 

Fig. 4. Comparison of the minimal and maximal rates of water intake exhibited in 
diffeient regions of 12 different roots during a 24-hour period. Vertical bars indicated 
by number 1 represent rates within the first 5 mm. (from the apex) ; bars designated by 
the numbers 2, 3, and 4 represent the rates at regions respectively 10, 20, and 30 mm. more 
proximal than the position of potometer 3. Solid black bars show minimal rates at each 
region; bars with crossed lines, the maximal rates, in the same regions. The magnitude 

of increase in eacli region is given by the ratio — directly below the corresponding 
bars. 
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Fio. 6. Comparison of the rates of water absorption at 4 local regions during 6 hours 
preceding and 6 hours following excision. Initial positions of potometers indicated by 
diagram B. Initial lengths of roots numbered V, VI, VII, and VIII were 52, 57.6, 59, and 
57.5 mm. respectively ; age 6 days ; grown in Trelease culture solution. Placed in cham- 
bers night piecediiig the experiment. Ileight of each vertical bar represents the rate of 
water intake at the i>otoineter contact with the corresponding number in diagram B. Boom 
temperature, 25° C. ± 0.5° C. 

intake before ex(*ision ; in this root the axial gradient of distribution, exhib- 
ited during a three-hour interval immediately following isolation of the root, 
was steeper than that exhibited in the 3-hour period immediately preceding, 
when the bulb was ])resent. There was considerable slowing down of the 
velocity of absorption in root VllI (fig. 6) with a consequent flattening of 
the longitudinal gradient of distribution of rates. 

The experiments discussed above represent typical results obtained from 
measurements on 32 roots. When comparisons were obtained between the 
average rate of water intake during the 6-hour period preceding, and the 
6-hour period following excision, seven of the roots displayed an increase in 
volume flow during the second 6-hour period when the bulb was absent. 
The experiments show that the longitudinal gradient of velocity of absorp- 
tion in a saturated atmosphere is usually flattened by excision owing to 
greater decrease in rates at relatively more basal levels after isolation; but 

Fig. 5. Comparison of the rates of water absorption at 5 local regions during 3 inter- 
vals preceding and four following excision. Initial positions of potometers relative to the 
apex indicated in diagram A. Initial lengths of roots numbered I, II, III, and IV were 
51, 48.3, 49, and 47 millimeters respectively; age 4 days; grown in Trelease solution; 
same medium in potometers. Placed in chambers night preceding the experiment. Height 
of each vertical bar represents the rate of intake at the potometer contact with the corre- 
sponding number in diagram A. Room temperature, 25° C. 
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they also demonstrate that volume flow at a single local region and even at 
all regions may increase immediately after the root has been isolated. 

Absorption of water by roots in an inverted position 
WITH respect to GRAVITY 

In order to determine whether or not higher rates were observed at 
higher levels because of vertical orientation of the root, experiments were 
run on both intact and excised roots when inverted. 

The bulbs, including short leaves if present, were fitted in an inverted 
position into perforated corks placed on the floor of eacli chamber and the 
inverted roots carefully threaded through the potometers without injury. 
The length of the root, the positions of the potometers, and duration of the 
experiments were varied. Consistent results were obtained in all the experi- 
ments; typical data are given in figure 7. Rates were first determined in 
the intact roots for a short period of 3.5 hours and a subsequent period of 
10 hours; each root was then cut from the bulb without removing the cham- 
ber covers and rates again determined during two periods of different 
duration. 



Fio. 7. Comparison of distribution of rates of intake before and after excision in 4 
roots, oriented in an inverted position with re8i)ect to gravity. Initial i>osiiion8 of po- 
tomoters shown by inset diagram A. Vortical bars represent rates ; numbers above corre- 
spond to potometers in diagram A. Bates during four consecutive periods are shown; first 
reading 8 a.m. Age of roots, 5 days ; initial lengths 51 to 54 mm. ; grown in tap water ; 
same medium in potometers. Boom temperature, 24 j5° C. 

Comparisons of the data show that in both the intact and excised state, 
lowest velocities of intake appeared at the apical regions which in this case 
withdrew water from the highest potometers. A strict unidirectional gradi- 
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ent of distribution of rates was maintained by roots III and IV during the 
two periods preceding excision ; following excision the steepness of the gradi- 
ent was less and a minor peak appeared at potonieter 5 (near the apex) in 
root III. Minor peaks in the gradient also appeared in roots I and II both 
before and after excision (at potometer 5 during the first 3.5-hour period in 
the intact root and at potometer 3 in the excised root). An increase in 
rates with time was manifested by the different levels both in the presence 
and absence of the bulb ; in roots I and TI the average rates observed during 
the second period (short period of 3.5 hours) in the absence of the bulb 
were greater than that observed at corresponding levels during the two 
periods in the presence of the bulb. 

These experimtmts furnish further evidence that local regions along the 
root axis manifest independent characteristics whether or not the root is 
attached to the shoot in a saturated atmosphere. 

Water intake at contiguous regions in dead roots 

Intact and excised roots which had been killed showed both liquid loss 
from, and liquid intake by, a local region at a single potometer contact but 
during different intervals. Table 1 shows typical results obtained from 
expei'iments during which the roots were quickly killed by dipping them 
into boiling water or applying a jet of steam. The roots were sectioned and 
examined after the exi>eriments. 

Although liquid loss appeared at different levels in the dead intact root 
A and the dead excised root B, both roots showed greater water uptake than 
liquid loss during the 30-hour experimental period; the uptake by the ex- 
cised root was mucii less than that of the intact ]’Oot. Comparisons of rates 
at the same levels in the same root in tlie presence and absence of the bulb 
show that root C manifested a marked increase in water uptake at 3 levels 
and liquid loss at one level after it had been killed, root D exhibited a de- 
crease in water uptake at basal levels, but no liquid loss; after excision water 
uptake practically ceased. 

No water u]itake occurred in dead intact roots when the period of ex- 
posure to heat was longer than two seconds ; in such cases pronounced liquid 
loss from the root occurred at each level and the root flattened into a thin 
ribbon. 

The experiments showed that dead root tissues in either the intact or 
excised root are leaky systems with respect to water uptake ; in both cases 
a given level may manifest water influx simultaneous with liquid loss in an 
adjacent region. 

Discussion 

In onion roots (Allium cepa) water intake is a continuous flux process 
but with changing velocity. The different rates of intake are sharply local- 
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TABLE I 

Effect of killing boots on water intake by different local regions 
Rates (mm.Vmm.*/hr.) of water influx designated by 
AND of liquid LOSS DESIGNATED BY SIGNS 


Root A 

Data from intact root killed with hot water 


Positions of potometers; mm. from apex 


Interval 

5 

15 

25 

35 


8-10 A.M. 

- 0.201 

-0.086 

+ 0.030 

-0.014 



10 A.M.-12 M. 

+ 0.073 

+ 0.034 

0.000 

+ 0.187 



12-2 P.M. 

- 0.091 

-0.033 

+ 0.046 

+ 0.045 



2-4- P.M. 

V 0.146 

+ 0.069 

+ 0.029 

+ 0.072 



4-6 P.M. 

- 0.009 

+ 0.051 

+ 0.006 

+ 0.004 


Root B 

Data from excised root; killed with hot water before excision 


Positions of potomcters; mm. from apex 


Interval 

3 

10 

20 

30 


1 8-10 A.M. 

0.000 

+ 0.025 

-0.114 

+ 0.026 



10a.m.-32m. 

0.000 

+ 0.003 

+ 0.204 

-0.019 



1 12-2 P.M. 

0.000 

-0.011 

+ 0.130 

0.000 



1 2-4 P.M. 

-0.008 

0.000 

- 0.022 

+ 0.049 



j 4—6 P.M. 

- 0.010 

-f 0.020 

0.000 

+ 0.005 


Root 0 

Data from single root before and after killing; steam applied to root only 


Positions of potometers; mm. from apex 



Interval 

4 

34 

24 

34 

44 

Intact 

8—9 : 30 A.M. 

+ 0.025 

+ 0.021 

+ 0.023 

+ 0.036 

+ 0.040 

living 

9:30-11 A.M. 

+ 0.029 

4 0.036 

+ 0.027 

+ 0.049 

+ 0.067 

Intact 

12-1 :30 p.m. 

+ 0.083 

+ 0.120 

+ 0.149 

+ 0.148 

-0.162 

dead 

1:30-3 :00 p.m. 

f 0.082 

■{ 0.089 

+ 0.094 

-0.398 

-0.410 

Excised 

3:00-4:30 P.M. 

i 0.022 

+ 0.002 

+ 0.013 

- 0.049 

no exudation 

dead 

4:30-6:30 P.M. 

-0.012 

0.000 

-0.027 

+ 0.018 

no exudation 

Root D 

Data from single root before and after killing; steam applied to root only 


Positions of potometers; mm. from apex 


Interval 

6.5 

1«.5 

26.5 

36.5 

46.5 

Intact 

9-11 A.M. 

+ 0.033 

' + 0.047 

+ 0.116 

+ 0.119 

+ 0.110 

living 

11 A.M.-l P.M. 

+ 0.030 

+ 0.037 

+ 0.102 

+ 0.125 

+ 0.106 

Intact 

2-4 P.M. 

i 0.053 

+ 0.040 

+ 0.55 

+ 0.075 

+ 0.72 

dead 

4-6 P.M. 

+ 0.050 

+ 0.066 

+ 0.79 

+ 0.075 

+ 0.70 

Excised 

6-8 P.M. 

+ 0.025 

+ 0.032 

-0.270 

+ 0.015 

no exudation 


8-10 P.M. 

+ 0.021 

+ 0.001 

0.000 

+ 0.021 

no exudation 


ized at difiEerent levels at any one instant. WitE respect to time and space, 
water absorption involves a shifting pattern of rates along the longitudinal 
axis. More knowledge of cell dynamics is necessary to explain what factors 
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alter the flux equilibria of contiguous cells similar in structure, and further 
experimentation is necessary to reveal how adjacent regions in the root often 
manifest simultaneous positive and negative accelerations in water influx 
under constant external conditions in both intact and excised states. Are 
such oscillations characteristic of adjacent ** spots’’ on the surface of a single 
cell — does the spacial pattern of dynamic forces in the cell vary from instant 
to instant causing simultaneous restriction of intake at one ‘‘spot” and 
acceleration at another (c/. Lund, 9) ? Studies in the electrophysiology of 
onion roots show that spontaneous variations of electric potentials occur in 
adjacent regions under constant external conditions (1, 9, 10, 12, 14). From 
his experiments on Douglas fir (8) Lund concluded that the inherent electric 
energy output might function in electroend osmotic flow. Whether or not 
there is any interrelation between spontaneous variations of bioelectric 
potentials of the root and water intake or transport is not known at present. 
Fluctuations of ion uptake by single plant and animal cells have been 
reported by Brooks (2). 

The fact that the basal regions of roots less than 65 mm. in length and 
less than a week old continue to absorb greater quantities of water per unit 
surface, even after excision in a saturated atmosphere, indicates that the 
same inherent difference in machinery operating to maintain this apical- 
basal difference before ex(*ision continues to exist after excision, and in this 
respect is fundamentally independent of the shoot-root relationship. This 
does not imply that the shoot -root relationship does not also enter in as a 
condition because the absolute rates of intake in the basal regions are in 
W 20 .S’/ cases immediately lowered by excision. It may be that the difference 
(before and after excision) in basal regions represents a “pull” by the shoot 
which in this instance acts as a “suction pump.” In some roots, however, 
the hasat regions mag absorb even greater quantities of water after excision 
— in that case the difference may represent a “push” or the action of a 
“force pump” in the root tissue; but we have no critical evidence which 
isolates the “push” and “pull” forces that might bo operating in the root 
tissue per se. It may be that the demands of the bulb and growing leaves 
are greater at some times than at others, and differ in different roots, so that 
a greater watei* defi(*it actually exists in some roots before excision, and, 
furthermore, it may be that some roots contaiii greater amounts of nutri- 
tional reserve. Water deficits in excised roots would hardly be expected to 
exist after the roots manifested vigorous exudation; yet the rates of intake 
were greater when possible deficits were supposedly satisfied. The quantity 
of water absorbed immediately after excision does not represent the maxi- 
mum absorbing capacity of the root tissue because the rates increase with 
time after excision under the given conditions. Removal of the bulb and 
growing leaves in a saturated atmosphere may remove an accessory suction 
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force but the data show that the unit volume of transport through a given 
level in an excised root may he just as large or larger than when it had the 
added force of the hulh to supplant its own in the transport of water, 

Pbevot and Steward (11) demonstrated that the entire surface between 
the apex and emergence of secondary roots of 12-day-old barley plants rep- 
resented a potential absorbing surface for salts. They also showed a pro- 
nounced longitudinal gradation in the capacity of salt accumulation, and 
that segments near the apex attain higher concentrations than those more 
remote. Since the roots were not only a different type, but were also slightly 
older than the roots discussed in the present paper, strict comparison of 
results cannot be made ; but it is interesting to note that opposite gradients 
occur; in the excised barley root the peak of salt intake for a given interval 
is within the first 15 mm. ; in the excised onion root the peak of water intake 
is beyond this region and near the base. If the gradient of ion intake in 
the onion root is similar to that of barley this would mean greater dilution 
of surrounding solution at the apex during a given interval since ion intake 
would be relatively greater and water intake relatively less than in basal 
regions. Experiments are under way to determine whether or not this 
occurs. 

Death of the tissues destroys the mechanism regulating water intake in 
both intact and excised roots; water uptake in a dead root occurs by an 
entirely different mechanism. The dead excised root which no longer mani- 
fests exudation at the basal end exhibits siphon action and leaks at one or 
more levels ; the dead intact root which may serve as a wick to a greater or 
less extent also leaks at one or more levels; the wick action immediately after 
death may involve greater or less uptake than in the living state ; some dead 
roots in both the intact and excised state manifest no water uptake whatso- 
ever. It is not known whether or not liquid loss occurred in the dead roots 
of Kramer experiments (7) because he was interested in transpiration rates 
and did not measure water intake. Kramer maintains (7, p. 484) that ‘‘in 
experiments with sunfiower, tomato, and tomato plants it was found that in 
most cases during the first twenty-four hours after the roots were killed the 
plants with dead roots transpired only about one-half as much water per unit 
of leaf area as the plants with living roots. 

The living root is*not merely a piece of machinery which interposes 
resistance to water, neither is it merely a sieve or a wick with regard to 
transpiration and the transport of water. The living root in position can 
deliver more water than that same root when dead. In a saturated atmos- 
phere it manifests a characteristic flux gradient of water intake which is 
maintained by that root when it is upright or inverted, intact or excised, 
but which disappears when it is killed, liquid loss appearing at one or more 
levels. There is no cessation of water influx in the healthy living intact and 
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excised root; although changes in flux rates occur in contiguous regions, 
there appears to be a continuous overall drive of water through the root 
tissues. Before operative details of the working machinery of water absorp- 
tion can be forthcoming we need further accurate accounts of the rates of 
volume transport in different types of roots, old and young, under carefully 
controlled conditions. 

Attention should be called to the point that the objective has been to 
isolate the mechanism of transport of water into the root and reduce the 
problem to characteristics of absorption at a small element of root surface. 
This cellular mechanism has a large but variable volume capacity for trans- 
port of water across it and in this respect the problem is fundamentally the 
same as that of the uriniferous tubule in the animal. 

Summary 

1. By means of a technique previously described (13) simultaneous 
measurements of the rates of water absorption by contiguous regions were 
made in a saturated atmosphere on single intact and excised onion roots 
{All mm cepa) 65 mm. or less in length and less than a week old. 

2. The experiments on intact and excised roots of corresponding age, 
length, and history carried out under comparable conditions of humidity, 
temperature, and light showed similar characteristics of behavior in water 
absorption with resi)ect to (a) localization of the highest rates in relatively 
more basal regions; (b) an over-all increase of rates at each level with time 
throughout 12 two-hour intervals (24:-hour period) ; and (c) fluctuations of 
rates in contiguous regions and in the axial gradient of distribution under 
constant external conditions. 

3. The rates of water influx at contiguous levels of the same root after 
excision were equal to, greater, or less than before excision. 

4. Both intact and excised roots which had been killed showed pro- 
nounced irregularities of water intake in contiguous regions; both liquid 
loss and uptake occurred at different levels during the same interval. The 
living root in position can deliver more water than that same root when 
dead. 

Acknowlegment is made to A. A. Horak for technical assistance. 
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THE DETERMINATION OF SELECTED CHEMICAL CHARAC- 
TERISTICS OP SOIL WHICH AFFECT THE GROWTH 
AND COMPOSITION OP PLANTS 

G. R. Noggle and F. Lyle Wynd 

Introduction 

It is obvious that very j?reat specialization of modern botanical science 
has led to many important developments in this field of kiiowledf^e which 
otherwise would not have been possible. But these very advances which 
specialization makes possible are often obtained at the price of a narrowing 
of the field of intellectual outlook by the workers who are most concerned. 
Ultimately, the workers themselves become hampered in their studies by the 
intensity of their specialization, and the discoveries and techni(pies of ad- 
jacent sciences whic'h they could profitably use are too frequently ignored. 

At }io place in botanical science has tliis intensity of specialization pro- 
duced greater harm along with its gains than in the study of plant physi- 
ology and agronomy. Unfortunately, in many American educational insti- 
tutions the main distinction between these subjects seems to be based on the 
idea that plant pliysiologj- deals with unimportant aspects of unimportant 
jdaiits and that significant plants lie in the province of agronomy. There 
can be a justifiable distinction between these subjects only in the matter of 
em])liasis ratlier Ilian in the actual subject matter, for certainly the plant 
physiologist is less concerned with the ultimate e(*onomic significance of his 
work tlian is the agronomist. But in so far as the plant physiologist and 
the agronomist are dealing Avith the actual growth and behavior of plants it 
is difficult indeed to avoid tlie conclusion that if there is a distinction at all 
betAveen their AA'oi’k it is Avithout a clifference. 

A specific example of the results of an artificial and pedantic distinction 
betAveen these two sciences, is their different approach to the problem of the 
minei'al nutrition of idants. The plant physiologist too frequently visualizes 
the problem as invohung primarily a mixture of ions dispersed in a liquid. 
His apjiroach, therefore, centers on artificially controlled liquid nutrient 
media. The agronomist frequently visualizes the problem as one depending 
almost exclusively on colloidal phenomena in naturally occurring soils. 
Each of these viewpoints has led to valuable results, and no serious fault can 
be attributed to the different attitudes themselves. Tlie fault lies only in 
the fact that these specialized viewpoints, each based on vast fields of 
literature, aggregations of specific data, and highly specialized techniques, 
tend to lead research workers to a biased interpretation of the major 
problem and many significant aspects are either confused or ignored. 

The plant physiologist is particularly at fault, since he has permitted 

39 
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his attack on the problem of the mineral nutrition of plants by the artificial 
solution procedure, which was pressed so vigorously a few years ago, to come 
to a rather ignominious end in so far as fundamental knowledge of the 
growth of plants in soil is concerned. The really significant aspects of the 
problem have now been taken over by the agronomist, who is centering his 
attention on the colloidal phenomena occurring in soils. This approach is 
leading to rapid progress. It is the belief of the writers, however, that even 
further progress would be made if the strict plant physiologist would revive 
his interest in the mineral nutrition of plants modified by the recent develop- 
ment in agronomy and especially by applying to his own theoretical prob- 
lems many of the techniques worked out by the agronomist. 

Like all fields of study, the literature of agronomy presents a vast and 
confusing aspect ; it presents a serious problem to even the most ambitious 
plant physiologist. The purpose of the present paper is to describe in con- 
siderable detail a selected group of techniques that are available for the 
study of a few of the characteristics of soil which are of special significance 
in the growth and composition of plants. Only chemical and colloidal 
characteristics are included which might reasonably be expected to vary 
throughout the growing season, in different seasons, and with different 
fertilizer treatments. 

The analytical procedures are based on several types of soil extracts. 
How to obtain a soil fraction, or extract, that is truly related to plant 
nutrition is one of the most perplexing problems in the study of soil fertility. 
The present uncertainty as to the proper procedure necessitates the several 
types of extractions described. In most instances, air dry samples of soil 
are used. 

The laboratory should be equipped with an elecdric drying oven, steam 
bath, chemical balances, glass electrode, mechanical shaker, sieves, centrifuge, 
distillation equipment, Kjeldahl digestion equipment, bank of suction filters, 
filter rack, digestion hood, hot plate, colorimetric equipment, and a carbon 
combustion train. 

The usual details of chemical technique must be observed at all times. 
The capital letters enclosed in parentheses in the diagrams of the schematic 
separations refer to the procedures in the later portion of this paper 
which describe the determination of the specific ions indicated. 

Collection and preparation of field samples 

The variability of soils makes it almost impossible to devise an entirely 
satisfactory method of collecting truly representative field samples. The 
details of any particular procedure must be' modified to suit the particular 
purpose for which the sample is desired. Remove from the surface all 
vegetable materials not intimately incorporated into the soil. For the 
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exammations described in the present paper, the sample should be repre- 
sentative of the soil layer to the average depth of the most recent plowing. 
Ordinarily this will be about seven inches. Sometimes it may be desirable 
to collect samples from various strata to a depth of 40 inches or more by 
means of a soil auger. When using a soil auger, enlarge the diameter of the 
first boring before penetrating below the plowed depth in order to prevent 
the contamination of the lower samples by falling fragments from the upper 
layers. 

A sufficient number of samples should be (*ollected so that a satisfactory 
composite sample may be prepared. After the material has been air dried, 
reduce the lumps by rubbing in a porcelain mortar, or by any method that 
will not reduce the rock fragments themselves. Sift through a sieve having 
circular openings 1 mni. in diameter, thoroughly mix, and store in a stop- 
pered container. If the total quantity of any component is to be determined, 
finely pulverize a part of the sample prepared as above (1). 

Calculation of results 

The results of chemi(*al determination on soil may be expressed in a 
variety of ways. When expressed as pounds per acre, it is first necessary 
to determine the weight under field (conditions of a given volume of soil 
from a small area to a depth of 7 iiudies or to the depth of the most recent 
])1 owing. This method is especially valuable in the making of comparisons 
between soil conditions and crop production per acre. Results also may be 
expressed in terms of percentages of the air-dry or oven-dry sample. This 
latter procedure may be used more appropriately when soils are being 
studied comparatively or when changes in the soil are being followed. 

The Roman numerals and headings in subs(*quent paragraphs indicate 
separate sub-samples of the composite field sample. The procedures for the 
examination of each of these sub-samples is described under such headings. 

Water relationships 
I. Moisture 

Weighing bottles and their stoppers are heated 6 to 12 hours in an electric 
oven at 105° to 110° C. Cool in a desiccator over calcium chloride and weigh 
to ±: 0.001 gm. The weighing bottles should be handled with a small piece 
of (dieese cloth or with crucible tongs. Transfer 2 to 5 gm. of the fresh, 
undried field sample of soil to each weighing bottle by means of a porcelain 
spatula, weigh, and dr^” in the electric oven from 8 to 12 hours. Cool in a 
desi(*(*ator and reweigh. Clay soils and those containing an appreciable 
amount of organic matter should be dried for an additional 8 to 12 hours 
and reweighed. 

Moisture determinations should be made in triplicate and the results 
expressed as percentages of the oven-dry sample. 
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II (a). Water holding capacity 

Dry the weighing bottles and their stoppers in the electric oven from 6 
to 12 hours at 105® to 110® C., cool in a desiccator over calcium chloride, 
weigh to =t 0.001 gram, and store in the desiccator until needed. Carefully 
fit a no. 1 filter paper into the bottom of a Hilgard soil cup and fill level to 
the edges with soil. Care should be taken to prevent pressing or compact- 
ing of the sample. Place the filled cup in a shallow pan and add water 
until the cup is nearly submerged. As soon as saturation is complete, re- 
move the cup, cover with a watch glass and allow to drain at room tempera- 
ture over night. Transfer the sample to a weighing bottle and weigh. Then 
dry in the electric oven from 8 to 12 hours. Clay soils and those rich in 
organic matter should be dried for an additional 8 to 12 hours. Cool in the 
desiccator and reweigh. 

The determinations should be made in triplicate and the results ex- 
pressed as the percentage of water on the basis of the oven-dry samide which 
the soil can hold against the force of gravity. 


II (b). Percentage of the water holding capacity 

UNDER FIELD CONDITIONS 


The percentage of the water holding capacity under field conditions is 
calculated from the data obtained in I (a) and II (a). 

Moistui*e in fresh sample 


Water holding capacity 


- X 100 =1 percentage of the water holding capacity 

Acidity relationships 


III. pH 

Shake 100 gm. of air-dry soil for 1 min. with 250 ml. of carbon-dioxide- 
free water in a 1-liter Erlenmeyer flask. Decant a portion of the super- 
natant liquid into a 150-ml. beaker and determine the pH by the glass 
electrode (11). If the glass electrode is a sufficiently rugged type, it may 
be immersed directly into the soil suspension. If the soil suspension reaches 
its pH equilibrium slowly, it may be advisable to allow the suspension to 
stand for 1 hour before the determination is made. 


IV. Lime requirement 

Add 5 gm. of air-dry soil which has been sifted through a 10-mesh sieve 
to each of 4 test tubes. Add 1 gm. of potassium chloride and 25 ml. of dis- 
tilled water to each tube. To one tube, add 5 ml. of 0.00124 per cent. 
Na 2 C 03 * H 2 O ; it corresponds to 1 ton of calcium carbonate per acre of 
2,000,000 pounds of soil. Add to successive tubes 2, 3, and 4 times this 
amount. If desired, the steps may be made 2.5 ml. per tube which corre- 
sponds to one-half ton applications of lime per acre. Shake vigorously 
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about 25 times and let settle. Add 3 drops of brom-thymol blue indicator 
and agitate just enough to mix the indicator with the upper half of the solu- 
tion. The first tube in the ascending order of carbonate additions which 
shows a green to greenish-blue color is considered to have i*eceived adequate 
calcium. The calculated amount of calcium carbonate required per acre 
must be corrected for impurities in the commercially obtained product ( 4 ). 

If the samples exhibit wide variation in the lime reciuirement, the pre- 
liminary test with potassium thiocyanate solution (4 per cent, in 95 per 
cent, alcohol) will permit the lime requirement to be determined with a mini- 
mum number of sodium carbonate additions. Mix a small amount of the 
air-dry soil with an equal volume of the potassium thiocyanate solution. 
Shake well and allow to stand for 10 min. If no color develops, the soil is 
not acid; increasing degrees of color indicate progressively a higher 
acidity. The addition of sodium carbonate may be made corresponding to 
1, 2, and 3 tons of lime per acre for slightly acid soils and 3, 4, and 5 tons 
per acre for more acid soils. 

Colloidal relationships 

V (a). Total base exchange capacity 

Weigh out 10 gni. of the air-dry sample and treat with 50 ml. of neutral 
1.0 N ammonium acetate in a 250-ml. beaker, and allow to stand for 1 hour 
with occasional stirring (5). Transfer to a 9-cm. Buchner filter funnel and 
wash the soil with suc<*essive small additions of ammonium aeetate until 450 
to 500 ml. of leachate have been obtained. Before starting the leaching, be 
certain that the filter paper is wet and that the suction has been turned on 
before the mixture of soil and ammonium aeetate solution is transferred to 
the filter. If tlie suction is not being applied at all times, the filter paper 
will curl and permit some of the soil to go into the leachate. Transfer the 
leachate to a 1-liter beaker and preserve for the determination of the total 
replaceable bases as described in section V (b), where it is referred to as 
“lea(‘hate A.’’ 

Wash the soil free from excess ammonium acetate by washing the sample 
on the filter with successive additions of methyl alcohol, which has been 
made neutral to brom-thymol blue by a drop by drop addition of concen- 
trated ammonia, until 450 ml. of alcohol have been used. Care should be 
taken to wash down the sides of the filter funnel. Remove the filter flask 
and replace with a clean flask. Then leacli the soil with 400 ml. of 0.1 N 
hydrochloric acid. The procedure must not be interrupted until this process 
of releasing the replaceable ammonium ions with hydrochloric acid has been 
completed. Transfer the leacheate, which now contains the replaceable 
ammonia, to an 800-ml. Kjeldahl flask, add 5 gra. of sodium hydroxide pellets 
and distill into a 500-ml. Erlenmeyer flask containing 50 ml. of standard 0.1 
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N hydrochloric acid until the volume of liquid remaining in the distillation 
flask has been reduced to 60 to 80 ml. Titrate the remaining hydrochloric 
acid with standard 0.1 N sodium hydroxide, using brom-thymol blue as an 
indicator. 

The milliliters of standard 0.1 N hydrochloric acid used is equal to the 
base exchange capacity in terms of milliequivalents per 100 gm. of dry soil. 
The determinations should be made in triplicate. 

V (b). Total replaceable bases 

Evaporate to dryness on the steam bath, the ammonium acetate leaching, 
now designated as “leachate A,” which was obtained in the procedure V (a). 
Transform the acetate salts of the basic ions present to carbonates by ignit- 
ing the dry residue to whiteness on a silica plate. Cool, add 50 ml. of stan- 
dard 0.1 N hydrochloric acid and 25 ml. of water. Heat to boiling and 
allow to boil for 15 seconds. Cool, and titrate the remaining hydrochloric 
acid with standard 0.1 N sodium hydroxide, using brom-thymol blue as the 
indicator (6). 

The milliliters of standard 0.1 N hydrochloric acid used to react with the 
carbonates is equal to the total replaceable bases in the soil in terms of mil- 
liequivalents per 100 gm. of dry soil. The determinations should be made 
in triplicate. The titrated solution should be designated as “solution B” 
and preserved and used for determination of individual replaceable bases as 
described in section V (e). 

V (c). Percentage base saturation 

The percentage of base saturation of the field samples may be calculated 
from the results obtained by the procedures of sections V (a) and V (b). 

Total replaceable bases -.Ark-o ^ 

rr \ r— X 100 = Percentage of base saturation 

Base exchange capacity 

V (n). Replaceable hydrogen 

The replaceable hydrogen may be calculated at this point by substracting 
the percentage of base saturation from 100. This method is correct in prin- 
ciple but is subject to many errors. See section VI for a direct method of 
determining replaceable hydrogen. 

V (e). Individual replaceable bases 

The individual basic ions may be determined on suitably prepared ali- 
quotxS of the neutralized solutions obtained by the procedure described in 
section V (b) and designated there as “solution B.’^ Acidify the “solution 
B^’ with 5 ml. 0.1 N hydrochloric acid and evaporate to dryness on the steam 
bath. Dissolve the residue with water and make up to volume in a 100-ml. 
volumetric flask. 
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An aliquot of 50 ml. is used for the determination of potassium. The 
remaining aliquot of 50 ml. is used for the determination of calcium, mag- 
nesium, and also potassium if desired. Ordinarily, however, more accurate 
determinations of potassium may be made on a separate aliquot. 


Aliquot 1 


Co(NO»)| 

.3NaNO, 


precipitate 

K (D)i 

Aliquot 2 

llomovo Fe group (A) 
NH,OII 

1 


filtrate 

1 1 

preeipitnte filtrate 

Fe, Ti, Al, P (NH,) 2 C ,04 



1 

jjrecipitate 

filtrate 


Ca (B) 

(NH4)2HP04 

— - — r 



precipitate filtrate 

Mg (C) K if desired (D) 

^ The letters enclosed in parentheses refer to the ])rocedure8 described under the same 
letters in the text. 


VI. Exchangeable hydrogen by titration 

The titration procedure of determining exchangeable hydrogen is to be 
preferred over the difference method described in section V (d). Place 5 
or 10 gin. of air-dry soil in a Gooc'h crucible and leach with 250 ml. of neu- 
tral, 1 N barium ac^etate adjusted to pH 7. The leachings are then titrated 
with standard 0.1 N barium hydroxide to pH = 7.00. The final end point 
should be determined by the glass electrode. For an original sample of 10 
gni., the milliliters of barium hydroxide used equals the milliequivalents of 
replaceable hydrogen per 100 gm. of air-dry soil ( 14 ). 

VIT. Organic colloid base exchange capacity 

Weigh out 10 gm. of the air dry sample and treat with 80 ml. of 15 per 
cent, hydrogen peroxide in a 400-ml. beaker. Cover with a watch glass 
and digest for 1 hour on the steam bath. Remove the watch glass and 
evaporate to dryness. In some instances a second digestion with hydrogen 
peroxide may be necessary to destroy the organic matter. When the sample 
is free from organic matter, determine the base exchange capacity as de- 
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scribed in section V (a). The value obtained will be the base exchang:e 
capacity of the inorf?anic colloids, and the difference between the total base 
exchangre capacity determined by the procedure described in section V (a) 
and the inorg:anic colloid base exchangfe capacity is equal to the organic base 
exchange capacity (13). 

Nitrogen 

VIII. Total nitrogen 

Place 10 gm. of the air-dry field sample in an 800-ml. Kjeldahl flask with 
50 ml. of concentrated sulphuric* acid and 2 gm. of commercial salicylic acid 
and allow to stand for 30 min. with frequent shaking. Add 10 gm. of 
sodium thiosulphate and heat gently for 5 min., cool, and add 10 gm. of salt 
mixture. This salt mixture consists of 20 parts potassium sulphate or an- 
hydrous sodium sulphate, 2 parts ferrous sul})hate, and 1 ])art copper sul- 
phate. Digest until clear or very nearly so, cool, dilute with 150 ml. of 
water; cool, and add 75 ml. of 45 per cent, sodium liydroxide by carefully 
pouring down the neck of the flask so that the alkali forms a layer in the 
bottom of the flask, (^onnect to the still, shake, and distill about 150 ml. 
into 50 ml. of standard 0.1 N hydrochloric acid contained in a 300-nil. Erlen- 
meyer flask. Titrate the remaining acid with standard 0.1 N sodium hy- 
droxide, using brom-thymol blue as an mdi(*ator. Bach ml. of 0.1 N acid 
neutralized by the ammonia in the distillate corresponds to 1.401 mg. of 
nitrogen. Express the result as a percentage of the air-dry sanqde (1). 

IX (a). Ammonia 

Ammonia usually is determined on the fresh field sample before it has 
been dried ( 18 ). 

Weigh 100 gm. of the sample into a 500-ml. Erlenmeyer flask, add 100 
ml. of 2 N potassium chloride solution, and sufficient 2 N hydrochloric acid 
to bring the mixture to the projier acidity; add sufficient water to bring the 
total volume of liquid added up to 200 ml. In order to determine if the 
mixture has been adjusted to the proper acidity, a sepai*ate 10-gm. sample 
of soil is shaken with 10 ml. of 2 N potassium chloride, 1 ml. of 2 N hydro- 
chloric acid, and 9 ml. of water in a 125-ml. Erlenmeyer flask and filtered. 
If the filtrate is briglit red with the thymol blue indicator (pH about 1.5), 
suflBcient acid has been added. If the indicator color is orange or yellow 
(pH about 2 or more) additional 2 N acid must be added until the proper 
color is obtained. Then add 10 times this amount to the sample which is 
to be analyzed for ammonia. Most soils, provided that they are free from 
calcium carbonate and not too rich in humus; will assume the proper acidity 
with 100 ml. of 2 N potassium chloride, 10 ml. of 2 N hydrochloric acid and 
90 ml. of water. Add about 7 drops of toluene. If a considerable amount 
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of carbonate is present, shake the flask by hand until most of the carbon 
dioxide has escaped. Stopper tightly and shake for 1 hour on the mechani- 
cal shaker. Transfer the entire contents of the flask to a 16-cm. fluted filter 
funnel with a single pouring. Discard the first 20 to 30 ml. of the filtrate, 
collect the remainder in a 300-ml. Erlenmeyer flask, and stopper tightly until 
used for the determination of ammonia. 

A 100-ml. aliquot is used for the ammonia distillation. This represents 
one-half of the original sample if 200 ml. of liquid have been added to it. 
A strictly ac(*urute dilution factor would necessitate a correction for the 
variable volume of acid added and also for the amount of water originally 
in the sample. Since a single 100-ml. aliquot of the filtrate is used, it is not 
necessary to consider the volume of liquid remaining with the soil residue 
or on the filter paper. The aliquot to be used for distillation is transferred 
to an 800-ml. Kjeldahl fiask and 200 ml. of water and 5 gni. of magnesium 
oxide are added. Distill about 150 ml. into a 300-ml. Erlenmeyer flask con- 
taining 50 ml. of standard 0.02 N hydrochloric acid. The residue in the 
distillation flask is preserved for the determination of nitrate as described 
in section IX (b). The mineutralized acid is titrated with 0.02 N sodium 
hydroxide, with brom-(*resol green as the indicator until the (*olor matches 
that of an a(‘etate buffer at pH 4.8 to which the indicator also has been 
added. This buffer solution is prepared by adding (5 ml. ol* 0.2 N sodium 
acetate solution and 4 ml. of 0.2 N acetic acid to a 300-n)l. Erlenmeyer flask 
and diluting to the a])proximate volume of the distillate; then add 1 ml. of 
0.04 i)er cent, broiu-cresol green indicator. A few drops of .saturated mer- 
curic chloride will ])reserve the liuflei from contamination by microorgan- 
isms for at least a moiitii. 

The weight of the orij»inal fresli field sample is corrected for the water 
content and the results expressed as the percentage of ammonia, and of 
nitrogen in the air-dry soil. Blank determinations .should be run and the 
proper correction applied. Sometimes sufficient carbon dioxide develops 
from the magnesium oxide that it is advisable to boil the filtrate before 
titration. 

IX (b). Nitrate 

The residue remaining in the Kjeldahl flask after the distillation of 
ammonia as described in section IX (a) is made up to 300 ml. with water 
and about 2.5 gin of powdered Devarda’s alloy added. Because of the 
exces.sive frothing that may o(‘cur, it is advisable to connect the flask to the 
distillation equipment and allow to stand over night before distilling and 
even then the distillation should proceed slowly so that 200 ml. of distillate 
will collect in about 1.5 hours. The distillate is titrated as described in sec- 
tion IX (a) and the results expressed as the percentage of nitrate, and of 
nitrogen, in the air-dry material ( 18 ). 
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IX (c). Organic NITROGEN 

The organic nitrogen is calculated by subtracting the sum of ammonia 
and nitrate nitrogen from the total. 

Extracts 

X. Water extract 

Shake 100 gm. of the air-dry soil with 500 ml. of water in a 1-liter Erlen- 
meyer flask for 4 hours on the mechanical shaker. Filter on a 9-cm. Buch- 
ner filter funnel using a fine filter paper. 

An aliquot of 100 ml. gf the filtrate which represents 0.2 of the original 
sample is treated with magnesium oxide for the determination of ammonia 
as described in section IX (a) and for nitrate as described in section IX (b). 

An aliquot of 300 ml. is placed in a 1 -liter beaker, 10 ml. of concentrated 
hydrochloric acid are added, and then evaporated to dryness on the steam 
bath. Take up the residue wdth dilute hydrochloric acid (1:3) and filter 
through no. 42 filter paper. Collect the filtrate in a 500-ml. volumetric 
flask and wash the residue with hot water until 500 ml. of filtrate have been 

Water ext i act 
from air-dry soil 

100 ml. 300 ml. 

Distill With MgO 


Besidue Distillate, 

I NH, (sect. IX a) 

Devarda^s alloy 
NOj (sect. IX b) 


150 ml. 

Remove Fe' group (A) 


Precipitate Filtrate 

Fe, Ti, Al, P Na (E) 


Evaporate to dryness, 
Take up with HCl, 
Bring to 500 ml. 
‘‘Filtrate 1'^ 

150^ ml. 

I 


150 ml. 


Remove Fe group (A) 


Precipitate ‘ ‘ Filtrate 2 ’ ^ 
Fe, Ti, Al, P 


CaCOj, 

evaporate, ignite, 
take up, filter 


(NH 4 >20204 Filtrate Precipitate 
I K (D) P (F) 

‘ ‘ FUtrate 3 ^ * Precipitate 
I Oa (B) 

(NH4)sHP04 ’ 


‘ ‘ Filtrate 4 ^ ' Precipitate 
K if desired (D) Mg (C) 
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obtained. After cooling:, the filtrate is broujrht ba(*k to volume with cold 
water. This solution is desigrnated as ‘^filtrate 1.^’ One aliquot of 150 ml. 
is freed from the iron g:roup (A) and used for the determination of sodium 

(E) . Another aliquot of 150 ml. is freed from the iron gjroup (A) and used 
for the determination of calcium (B), and mag:nesium (C). A third aliquot 
of 150 ml. is used for the determination of potassium (D) and phosphorus 

(F) . This later aliquot is prepared as follows (12) : Add 0.5 gm. of calcium 
carbonate to the aliquot and evaporate to dryness on the steam bath and 
ignite until the chlorides of iron, aluminum, and magnesium have been con- 
verted into oxides. During the ignition lumps are broken up with a glass 
rod. The ignition is complete when a clear solution is obtained on the addi- 
tion of water. Cool the ignited residue, take up with hot water, and jSlter. 
The chloride salts of the alkali metals are obtained in the filtrate in which 
the potassium can be determined by the cobaltinitrite method (D). The 
residue is digested with dilute sulphuric acid and filtered. The residue is 
washed with hot water and the phosphorus determined in the combined 
filtrate and washings by the phosphomolj^bdate method (F). Each of the 
three aliquots contain 0.18 of the original sample. 



Filtrate 


Precipitate 
Mg (C) 
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mechanical shaker (7). If carbonates are present in a significant quantity, 
an additional equivalent amount of citric acid is used. Filter on a Buchner 
filter funnel. Pipette 100-ml. aliquots into each of 5 beakers. Each aliquot 
contain 0.2 of the orig:inal sample. Acidify each aliquot with 5 ml. of 
concentrated hydrochloric acid, evaporate to dryness on the steam bath, and 
gently incinerate to insure the dehydration of silica. The residue is dis- 
solved in dilute hydrochloric acid (1:3), and evaporated to dryness on the 
steam bath. The residue is again taken up with dilute hydrochloric acid 
and filtered. The various ions are then determined as indicated above. 

Carbon 

XII. Carbonate 

Pulverize the air-dry sample until it paswses a 60-mesh sieve so that the 
acid may react with (crystals of calcite that may be included among quartz 
crystals. For soils low in carbonate use samples of 10, 25, or 50 gm. 

Arrange an absorption train so that the (Uirrent of air passes through 2 
scrubbing bottles containing 10 per cent, sodium hydroxide before it enters 
the flask which contains the sample. The air enters the evolution flask 
through a small, stoppered separation funnel. After passing through the 
sample flask, purify the air by first passing through a tower (*ontaining a 
suspension of silver sulphate in a 5 per cent, sulphuric acid solution, then 
through concentrated sulphuric acid, and finally through a tube of Des- 
sichlora or Anhydrone. The carbon dioxide is absorbed by Ascarite in a 
Fleming absorption bulb. The drying chamber of the absorption bulb 
should contain the same dr>dng agent that was used in the tower preceding 
the Fleming bulb. Finally, the air is passed through a sulphuric acid tower 
to protect the Fleming bulb from moisture and back pressure. 

Add the sample to the Erleiimeyer evolution chamber and draw air 
through the system for 5 minutes. Weigh the Fleming bulb and replace it 
in the train. Close the stopcock of the separation funnel, disconnect its 
stopper from the train and place 60 ml. of 10 per cent, hydrochlorii* acid 
containing 5 per cent, of stannous chloride. Connect the stopper of the 
separation funnel with the absorption train and apply suction to the system. 
Slowly open the stopcock and allow the acid mixture to run into the evolu- 
tion flask. Aerate and agitate for 1 hour with an air current of 3 to 4 
bubbles per second. 

When soils have been treated with magnesite or dolomite, when they 
have been derived from a magnesite parent rock, or when it is from glaciated 
areas which contain considerable quantities Of transported dolomite, it may 
be necessary to apply heat after the initial evolution of carbon dioxide has 
subsided. When the heat-evoked evolution has subsided, remove the heat 
and continue the agitation and aeration for 20 min. 
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Reweif^h the absorption bnlb and report the earbonate carbon as carbon 
dioxide or carbon (1). 

XTII (a). Organic carbon combustion procedure 

Arrange a combustion train so that the stream of oxygen passes through 
two towers containing 10 per cent, potassium hydroxide, through a mercury 
safety valve, and then into tlie combustion tube over the boat containing the 
sample (1). There follows, within the furnace, an 8-inch <*ore of loosely 
packed platinized asbestos. On leaving the combustion tube, the gas passes 
through a tower of concentrated sulphuric acid, a tower of 40-mesh granu- 
lated zinc, a tube of Dessichlora or Anhydrone, a Fleming absorption bulb 
containing Ascarite, and finally a Fisher bubble counter containing sulphuric 
a(*id as a protection against back pressure and water vapor. The drjdng com- 
partment of the Fleming bulb should contain the same dehydrating agent that 
preceded the As(*arite in the train. An asbestos-filled copper coil with a wire 
handle is pla<*ed in each end of the conibustion tube to ])rotecl the rubber 
stoj)pers from the heat of the furnace. 

Bring the furnace to a temperature of 900° to 950° C, Adjust the flow 
of oxygen from tlie cylinder by a needle valve and after 10 min. weigh the 
Fleming bulb. AVeigh 2 gm. of air-dry soil, mix with 2 gm. of finely 
divided potassium di(dn*omate, place in an alundum boat, and place within 
the heated zone of the combustion tube. Aerate with an oxygen stream for 
about 4 hours. Rcweigh the Fleming bulb and calculate the increase in 
weight due to carbon dioxide in terms of total carbon or as organic carbon 
by subtracting the carbonate carbon determined by the ])rocedure described 
in section XII. 

XI ir (b). Titration procedure 

The air-dry sample is ground in a mortar until it passes a 100-mesh 
sieve. Iron or steel mortars must not be used. Place a sufficient amount of 
the sam])]e to contain 10 to 25 mg. of carbon in a 300-ml. Erlenmeyer flask. 
Add 10 ml. of standard N potassium diehromate from a burette, and follow 
with 20 ml. of concentrated sulphuric acid. Shake for 1 minute, cool, and 
dilute to about 150 ml. Add 5 gm. of sodium fluoride. Titrate the remain- 
ing chromic acid Muth standard 0.4 N ferrous ammonium sulphate. One ml. 
of I per cent, diphenylamine is used as an indicator. If the end point is 
liassed, the solution may be back titrated with the standard potassium 
diehromate . 

8in(*e only about 76 per (*ent. of the carbon is ac(‘Ounted for by the 
observed reduction of the chromic acid, a correction factor of 1.32 must be 
applied. One ml. of normal potassium diehromate equals 1.32x3.0 = 4.0 
mg. of carbon. Report as total carbon or as organic carbon by subtracting 
the carbonate carbon determined as described in section XT I. This pro- 
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cedure is of limited accuracy and it should not be used except for rouf?h com- 
parisons of carbon content (16) . 

XIV. Loss ON IGNITION 

Weigh about 2 gm. of the air-dry soil into a porcelain or platinum cru- 
cible and dry at 100° C. for 24 hours; weigh and ignite to redness, with 
occasional stirring, for 4 hours. When considerable amounts of carbonate 
are present, cool, moisten with a saturated solution of ammonium carbonate ; 
dry and heat to 200° C. for 30 min. Cool in a desiccator and report the 
loss in weight as organic , matter in the oven dry soil (1). 

Analytical procedures 

A. Removal of iron group 

Add ammonium hydroxide, drop by drop, to the acidified solution until 
the precipitate which forms requires several seconds to dissolve. The am- 
monium hydroxide must be free from carbonates. The solution should 
remain faintly acid. Heat nearly to the boiling point and add ammonium 
hydroxide to a slight excess. The precipitate, which consists of iron, 
aluminum, titanium, phosphorus, etc., is boiled for a few minutes in a cov- 
ered beaker to expel excess ammonia and to coagulate the gelatinous precipi- 
tate. A slight amount of ammonia must be present, and if no odor of 
ammonia can be detected, add a small amount drop by drop. Do not allow 
the precipitate to settle, but stir and pour on a filter ; wash with hot water. 
Return the precipitate and the filter paper to the original beaker ; macerate 
the filter paper with a stirring rod and make the volume up to approxi- 
mately^ 150 ml. Dissolve the precipitate with a few drops of dilute hydro- 
chloric acid and reprecipitate with ammonium hydroxide as described above. 
The combined filtrates and washings from the 2 precipitations may be used 
for the determination of calcium, magnesium, sodium, and potassium. 

B. Determination of calcium 

The filtrate and washings obtained after the removal of the iron group 
is made slightly ammoniacal if not already so (9). Heat to boiling, and 
add hot 4 per cent, ammonium oxalate with constant stirring u)itil no more 
precipitate forms. There should be an excess of ammonium oxalate present. 
Boil for 2 min., cover with a watch glass, and digest on the steam bath for 
i hour ; cool for 2 hours. Filter and wash with 5 successive portions of 10 ml. 
of cold, neutral, saturated calcium oxalate (3). The filtrate and washing 
from the oxalate precipitation are preserved for the determination of mag- 
nesium as described in section C. Wash the oxalate precipitate through the 
filter paper with hot 2 N sulphuric acid and the oxalic acid is titrated with 



NOGGIiE AND WYND: DETERMINATION OF SOIL PROPERTIES 


53 


standard 0.1 N potassium permanpranate. Each ml. of 0.1 N potassium per- 
manpranate is equal to 0.002 gm. of calcium. 

C. Determination of magnesium 

Volumetric procedure. — The determination of maprnesium may be car- 
ried out on an aliquot of 100 ml. of the oripfinal acidified stock solution of 
the unknown prepared for analysis from the soil extract and freed from the 
iron group as described in section A or on the combined filtrate and wash- 
ings obtained from the calcium precipitation described in section B. 

Add 5 ml. of conceni rated hydrochloric* acid and methyl red indicator. 
Dilute to 150 ml. and add 10 ml. of a saturated solution of diammonium 
hydrogen phosphate. Add ammonia of specific gravity 0.88 slowly with 
constant stirring until the solution is neutral. Continue stirring for about 
5 minutes, and then add an additional 5 ml. of ammonia and continue 
stirring for about 10 min. Allow to stand for at least 4 hours or preferably 
over night. Filter, and wash with ammonia solution which contains 3 to 5 
])er cent, by volume of ammonia. In some instances it may be desirable 
to determine potassium at this point in which case the filtrate and 
w^ashings from the ammonia precipitation should be preserved. Transfer 
the precipitate to a dry 12.5-(*m., no. 42 filter paper and allow the bulk of 
the moisture to be absorbed. After 3 to 5 min. transfer the precipitate to a 
second filter paper for additional drying. Tn some instances, a third drying 
will be necessary. Preserve the filter papers that have been used to dry the 
precipitate and allow to dry at room temperature or place them on the grat- 
ing of a drying oven at a temperature of 50° to 60° C. After 15 to 20 min. in 
the oven or 45 min. in the air, transfer the filter papers and the precipitate 
to a 400-ml. beaker. Add standard 0.1 N siil])huric acid in a known amount 
until the papers are disintegrated and the precipitate is dissolved. Add 2 
drops of a 0.1 per cent, alcoholic solution of methyl orange. If the solution 
is only faintly pink, add 5 ml. of standard 0.1 N sulphuric acid. Dilute to 
about 100 ml. and titrate with standard 0.1 N sodium hydroxide until the 
appearance of a clear yellow^ color (8). 

One ml. of N/10 sulphuric acid - 0.0024 gm. of Mg. 

Gravimetric procedure. — Concentrate the combined filtrate and wash- 
ings obtained from the calcium precipitation described in section B on the 
steam bath to about 100 ml. and add cautiously 20 to 30 ml. of nitric acid. 
Evaporate to dryness, cover the beaker with a watch glass and gently ignite 
on a hot plate to remove the ammonium salts. Add 5 ml. of concentrated 
hydrochloric acid and evaporate nearly to dryness. Dissolve the residue 
with hot water and a small quantity of hydrochloric acid. If necessary, 
filter and wash the filter paper with about 100 ml. of hot water. Precipitate 
the magnesium as magnesium ammonium phosphate by the addition of 3 
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mL of a 10 per cent, solution of ammonium phosphate. Add ammonia until 
the solution is slijyhtly alkaline. Stir vigorously; allow to stand 15 min. 
Add 15 ml. of ammonia and let stand over night. Filter and wash the 
precipitate with dilute ammonia (1:9). Transfer the filter paper and the 
precipitate to a weighed crucible, moisten with ammonium jiitrate, dry, and 
ignite. Cool in a desiccator and weigh as Mg2P207. 

Weight of Mg2P207 x 0.21843 = gm. of Mg. 

D. Determination of potassium 

Volumetric procedure. — The aliquot for analysis should contain between 
2 and 15 mg. of potassium in a neutral aqueous solution of 10-nil. volume. 
Add 1 ml. of 1 N nitric acid and 5 ml. of trisodium cobaltinitrite solution 
(1 gm. of frisodium cobaltic nitrite in 5 ml. of water), mix, and allow to stand 
for 2 hours at a temperature of about 20° C. Filter in a porous-bottomed 
porcelain crucible, using 0.01 N nitric acid in a wash bottle to make the 
transfer. Wash 10 times with 2 ml. portions of the 0.01 N nitric acid. Wash 
the precipitate into a 250*ml. beaker, place the crucible in the beaker, and 
make to about 100 ml. with water. Add 20 ml. of 0.5 N sodium hydroxide 
and boil for 3 min. Withdraw into another beaker a slight excess of 0.05 N 
standard potassium permanganate, make to 50 ml. with w^ater, and add 5 ml. 
of concentrated sulphuric acid. Pour the hot potassium cobaltinitrite solu- 
tion into the cold potassium permanganate solution, transfer the crucible 
and wash the beaker with a small amount of water. Add an excess of 0.05 
N standard sodium oxalate solution, heat to boiling, and complete the titra- 
tion with potassium permanganate. Ml. of KMn04 > normality of KMn04 
X 7.1084 = mg. of K in sample (17) . 

Gravimetric procedure. — This procedure requires the ])otassium salt to 
be present in a concentration of about 1.5 per cent, in respect to potassium 
(6). A hot solution of the potassium salt in 15 to 25 ml. of water is treated 
with 25 to 40 ml, of saturated sodium 6-chloro-5-nitro-m-toluenesulphonate. 
Boil gently for at least 5 min. or until the precipitate dissolves. Add more 
water if necessary. Jjct stand for 24 hours at room temjierature and filter 
on a weighed Gooch filter or a sintered glass filter G4. Wash the precipitate 
with 2 to 3 times its weight of water. Dry to constant weight at 110° (;. 

If the original sample contains much sodium or other metallic ions, it is 
advisable to wash the precijutate with a few ml. of a solution of the saturated 
sulphonate solution rather than with water. 

The factor for potassium is 0.1347 times the sulphonate precipitate. 

Gravimetric proceditre as potassium cijloroplatinate. — An ammonium 
chloride-potassium chloroplatinate solution is prepared by dissolving 100 
gm. of ammonium chloride in 500 ml. of water, and adding 5 to 10 gm. of 
pulverized potassium chloroplatinate and shaking at intervals for 6 to 8 
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hours. Allow the mixture to settle over iiijjrht and filter. The residue is 
preserved and used for the preparation of a fresh supply. 

One hundred ml. of the solution from either a dilute acid extract or a 
total replaceable base determination must be made free from calcium ( 1 ). 
The solution is heated in a 250-ml. volumetric flask and a slight excess of 
ammonium hydroxide is added ; add saturated ammonium oxalate until the 
precipitation is complete. Cool, dilute to volume, and filter through a dry 
filter i)aper. Place a 50-ml. aliquot of the filtrate in a Sillimanite evaporat- 
ing dish and bring nearly to dryness. Add 1 ml. of 50 per cent, sulphuric 
acid, evaporate to dryness, and ignite to whiteness at a dull red heat. Cool, 
dissolve in hot water, add 0.5 ml. of 50 per cent, hydrochloric acid and then 
an excess of chloroplatinic acid.-^ Evaporate on the steam bath to a thick 
j)aste. Avoid exposure to ammonia fumes. Treat with successive 10-ml. 
portions of 80 per cent, ethyl alcohol, and decant on a weighed Gooch cru- 
cible. Continue the washing until the alcoholic filtrate is colorles.s. Then 
wash the precipitate successively 5 or 6 times with 10-ml. portions of the 
ammonium chloride-potassium chloroplatinate solution. Wash finally with 
several portions of 80 per cent, alcohol. Dry the precipitate for 30 minutes 
at 100° C. and report as K or as KaO. The factor for K is 0.16085, that for 
KaO is 0.19376. 

E. Determination of sodium 

The uranyl zinc acetate reagent is prei)ared in 2 parts. Part A is pre- 
pared by adding 10 gm. of uranyl acetate, and 6 gm. of 30 per cent, acetic 
acid to 49 gm. of water. Part B is made by adding 30 gm. of zinc acetate 
and 3 gm. of 30 per cent, acetic acid to 32 gm. of water. After solutions 
have been attained by warming, mix them together and allow the solutions 
to stand 24 hours. Filter to remove the precipitate of uranyl zinc sodium 
a(*etate. The filtrate is saturated with the triple salt due to the sodium 
unavoidably i)resent in the reagents. If the reagent is stored in Pyrex, it 
will remain clear for long periods (2). 

An alicpiot of 1 ml. of the original stock solution of the unknown is 
freed from tlu* iron group by the ])rocedure described in section A. The 
aliquot should not contain more than 8 mg. of sodium. Add 10 ml. of the 
uranyl zinc sodium acetate reagent, stir and let stand for at least 30 min. 
Filter by suction through a sintered glass crucible weighed without being 
heated, and wash 5 to 10 times with 2-ml. portions of the uranyl zinc acetate 
reagent. After each washing, remove the reagent as completely as possible 
by washing with 2-ml. ])ortions of alcohol Ayhich has been saturated with 
uranyl zinc sodium acetate. Finally, wash well with ether, and free the 
precipitate from ether by suction. Allow the crucible to stand at room 
temperature for 10 min. or longer. The precipitate has the composition 

2 Solution eoutainiug 0.2 gni. metallic platinum or 0.42 gm. HaPtClo per 10 nil. 
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(U02)3ZnNa(CH3C00)9 • 6H2O. The chemical factor for sodium is 
0.01495. 

If the unknown contains more than 50 mg. of potassium per ml., potas- 
sium uranyl zinc acetate will be precipitated. This difficulty may be over- 
come by dissolving 1 gm. of the sample in 5 ml. of water and then adding a 
hot solution consisting of 2 gm. of ammonium perchlorate and 3 ml. of 
water. Then add 25 ml. of 95 per cent, ethyl alcohol ; cool and filter. Wash 
5 times with 2-ml. portions of 95 per cent, alcohol. Evaporate the filtrate 
to dryness on the steam bath. Dissolve the residue in 1 ml. of water and 
proceed with the determination of sodium as described above. 

F. Determination of phosphorus 

Volumetric procedure. — The ammonium molybdate reagent is pre- 
pared by dissolving 100 gm. of molybdic acid in a mixture of 144 ml. of 
concentrated ammonia and 271 ml. of water. Pour this molybdate mix- 
ture slowly with constant stirring into a mixture of 489 ml. of concentrated 
nitric acid and 1148 ml. of water. Store in a warm place for several days. 
This reagent improves with age and it is advisable to prepare at one time a 
sufficient quantity to last for several months. The solution should not be 
used until it has stood long enough that a portion heated to 40° C. deposits 
no yellow precipitate. After long standing, decant the supernatant liquid 
and store in a glass-stopped bottle. Just before using, add 5 ml. of concen- 
trated nitric acid to each 100 ml. of reagent and filter. 

The standard sodium hydroxide may be prepared by diluting 323.81 ml. 
of standard 1 N alkali, free from carbonate, to 1 liter. An aliquot of 100 
ml. should neutralize 32.38 ml. of standard 1 N acid. The standard acid is 
prepared by titrating with the standard alkali. 

The solution to be analyzed should contain about 0.02 gm. of p2()*, (1). 
Transfer the unknown solution to a 300-ml. Erlenmeyer flask, add 5 to 10 
ml. of concentrated nitric acid, and then add concentrated ammonia until 
the precipitate which forms dissolves slowly with vigorous stirring. Dilute 
if necessary to 75 to 100 ml. and bring to a temperature of 25 to 30° C. Add 
sufficient ammonium molybdate reagent to insure complete precipitation of 
the phosphorus. Shake on the mechanical shaker for 30 min. Decant 
through a sintered glass filter. Wash the precipitate twice with 25- to 30-ml. 
portions of water by agitating thoroughly and allowing the precipitate to 
settle. Finally transfer the precipitate to the filter and wash with cold 
water until the filtrate from 2 fillings of the filter yields a pink color with 
the phenolphthalein indicator when 1 drop of the standard alkali is added. 
Transfer the precipitate and filter into a 460-ml. beaker. Dissolve the pre- 
cipitate with a measured A^olume of 0.3238 N standard alkali and titrate the 
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excess alkali with standard 0.3238 N acid using: phenolphthalein as the indi- 
cator. 

Each ml. of 0.3238 N alkali used in dissolving: the precipitate equals 1 mg. 
of P^On. 

Colorimetric procedure. — The ammonium molybdate-sulpliuric acid re- 
agent is prepared by dissolving 25 gm. of ammonium molybdate in 200 ml. 
of water. Heat to 60° C. and filter. Dilute 280 ml. of concentrated sul- 
phuric acid to 800 ml. When both solutions are cool, add the ammonium 
molybdate to the sulphuric acid slowly with constant shaking. Cool and 
dilute to 1000 ml. This final solution is 10 N in respect to sulphuric acid 
and contains 2.5 gm. of ammonium molybdate per 100 ml. 

The stannous chloride solution is prepared by dissolving 25 gm. of 
stannous chloride (SnCIa ' 2n20) in 1000 ml. of 10 per cent, solution by 
volume of hydrochloric acid. Filter if necessary. Store in a bottle and 
I)rotect the solution from the air with a Jaj^er of white mineral oil 5 mm. 
thick. The reagent should b(‘ removed in drops through a siphon closed 
with a glass stop-cock. 

A standard phosphate solution is prepared by dissolving 0.2195 gm. of 
l)otassium dihydrogen phosphate in water and diluting to 1000 ml. This 
solution contains 50 p.p.in. of phosphorus. Dilute 50 ml. of this solution 
to 500 ml. to obtain the final stock solution containing 5 p.p.m. The stand- 
ard colorimetric phosphate solutions are prepared by adding 5 ml. of stock 
solution to 95 ml. with water in a 150-ml. Erlenmeyer flask, adding 4 ml. 
of the ammonium molybdate-sulphuric acid solution and 6 drops of the 
stannous chloride r(*agent. Shake and dilute to 100 ml. The final solution 
contains 0.25 p.p.ni. of phosphorus. For the determination of very small 
amounts of phosphorus, use 2 ml. in place of 5 of the stock phosphate solu- 
tion. The resulting colorimetric standard contains 0.1 part per million of 
phosphonis. After standing 10 to 12 min., the color of the standard solution 
begins to fade. Then anotiier drop of stannous chloride reagent will pre- 
serve the color for an additional 10 to 12 min. 

Aliquots of the w^ater extract of soils may be treated with the reagents 
directly unless they are colored, turbid, or decidedly acid or alkaline. Color 
and turbidity should be removed by appropriate means, and the reaction 
adjusted to neutrality before the reagents are added. In all cases, 4 ml. 
of the ammonium molybdate-sulphuric acid reagent and 6 drops of the 
stannous chloride reagent are added to an appropriate aliquot of the un- 
known and the color compared with the standard within 10 min. A correc- 
tion is made for the dilution by the reagents (17). 

G . Determination of sttlpiiur 

Volumetric procedure. — ^An aliquot of the soil extract containing 0.05 
to 2.0 mg. of sulphate is pipetted into a 30-ml. Pyrex beaker (10). Silica 
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and porcelain dishes occlude some of the sulphate and are therefore unsuit- 
able. Add 0.5 ml. of concentrated nitric acid and evaporate to dryness on 
the steam bath. Moisten the residue with a few drops of nitric acid and 
a^ain evaporate to dryness on tlie steam bath. Heat the dish and the residue 
in an electric oven at 400° C. for about 1 hour. The use of jyas flames must 
be avoided since sulphur in the jras introduces positive errors. Cool, moisten 
with a few drops of nitric acid, and evaporate to dryness on tlie steam bath. 
Add 2 ml. of water and 1 drop (0.05 ml.) of 0.1 N hydrochloric acid to the 
residue. Warm prently on the steam bath and transfer to a ta]>ered, f?radu- 
ated, 10-ml. centrifuge tube. Rinse the beaker 3 times with 0.5 ml. of water 
and make up the contents of the centrifuge tube to 4 ml. Add 1 ml. of the 
freshly prepared benzidine hydrochloride solution. The benzidine hydro- 
chloride solution is prepared by dissolving 8 gm. in 1 liter of water and 
filtering. After 5 min., place the tube in a mixture of crushed ice and 
water for 10 min. Centrifuge for 5 min. at 3000 r.p.m. Decant the super- 
natant liquid, and wash the residue with 5 ml. of 80 p(T cent, alcohol. 
Again centrifuge for 5 min., decant, wash a second time with 80 per (‘cnt. 
alcohol, and centrifuge. Pour off the supernatant licpiid and drive off the 
remaining alcohol by placing the tube in a beaker of hot water. Add 5 
ml, of a 0.5 per cent, solution of potassium hydroxide. After the preci])itate 
has dissolved, transfer the contents of the centrifuge tube to a 125-ml. 
Erlenmeyer flask. The tube should be rinsed 4 times with 5 ml. of water. 
Add 1 ml. of concentrated sulphuric acid and heat on the steam bath. 
When the solution is hot, add standard 0.05 X potassium permanganate 
from a burette until the apparent end point is reached. Add an excess of 
25 per cent, of the volume used, and then an extra 1 ml. Heat the solution 
on the steam bath for 10 min. Add 2.0 ml. of 0.05 N sodium oxalate. When 
the precipitated manganese has dissolved, complete the titration with stand- 
ard permanganate. 

The total ml. of 0.05 N potassium permanganate used less 2 and multi- 
plied by 0.118 gives the mg. of sulphate present. 

Gravimetric procedure.^ — Evaporate a 100-ml. aliquot nearly to dry- 
ness on the water bath to expel the excess of acid ; add 50 ml. of water, heat 
to boiling, and add drop by drop 5 per cent. BaChi solution until no further 
precipitation occurs. Continue the boiling for about 5 min. and allow to 
stand in a warm place over night. Decant the liquid on the filter. Wash 
the precipitate with 15 to 20 ml. of boiling water, transier to the filter 
(paper no. 42) and wash free from chlorides with boiling water. Ignite, 
and weigh as BaS 04 . i 

BaS04X 0.13735 = 8. 

3 Association of Official Agricultural Chemists. Methods of Analysis. 1916. 
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Preparation of indicators for volumetric analysis 

Broiu-eresol j^reen.* Grind 0.1 grm. of the dye in an aerate mortar with 
1.43 ml. of 0.1 N sodium hydroxide. Dilute to 250 ml. Avhich j?ives a 0.04 
per cent, solution. 

Brom-phenol blue : Grind 0.1 ^m. of the dye in an agate mortar with 1.49 
ml. of 0.1 N sodium hydroxide, and dilute to 250 ml. wdiieh gives a 0,04 per 
cent, solution. 

Cochineal : Digest 3 gm. of pulverized cochineal in a mixture of 50 ml. of 
95 per cent, alcohol and 200 ml. of water for 2 days at room temperature 
with frequent shaking, and filter. 

Methyl orange: Dissolve 0.1 gm. of methyl orange in a small quantity of 
alcohol and dilute to 100 ml. with 50 per cent, by volume alcohol. 

Methyl red: Grind 0.1 gm. of methyl red in an agate mortar with 3.7 
ml. of 0.1 N sodium hydroxide and dilute to 100 ml. with water. The solu- 
tion may also be ])repared by dissolving 0.1 gm. of the dye in 100 ml. of 95 
per cent, alcohol. 

Phenolphthalein : Dissolve 0.5 gm. of the dye in 50 ml. of 95 per cent, 
alcohol and dilute with shaking to 100 ml. with water. 

Brom-thymol blue: Grind 0.1 gm. of the dye in an agate mortar with 
1.60 ml. of 0.1 N sodium hydroxide. Dilute to 250 ml. which gives a 0.04 per 
cent, solution. 

IlNivERSiTy OF Illinois 
TTrbana, Illinois 

LITERATURE CITED 

1. Association of Official Agricultural Chemists. Methods of analysis, 

4th Ed. 1935. 

2. Barber, II. II., and Kolthoff, I. M. A specific* reagent for the rapid 

gravimetric determination of sodium. Jour. Amer. Chem. Soc. 50: 

1625--1631. 1928. 

3. Bassett, Henry. Notes on the system lime-water, and on the determi- 

nation of calcium. Jour. (Jiem. Soc., pt. 2, 1270-1275. 1934. 

4. Bray, R. II., and LeTurk, E. E. Field method for lime requirement 

of soils. Soil Sci. 32 : 329-341. 1931. 

5. — ^ and Wjlliiite, F. M. Determination of total replace- 

able bases in soils. Ind. Eng. Chem., Anal. Ed. 1: 144. 1929. 

6. Davies, II,, and Davies, W. Sodium 6-chloro-5-nitro-m-toliienesulfoii- 

ate as a reagent for potassium. Jour. (3iem. Soc. 65: 115-165. 

1894. 

7. Dyer, D. On the analytical determination of the probably available 

mineral plant foods in soil. Jour. Chem. Soc. 65: 115-165. 1894. 



60 


PLANT PHYSIOLOGY 


8. Handy, J* 0. The volumetric determination of magnesia. Jour. 

Amer. Chem. Soc. 22 : 31-39. 1900. 

9. Hillebrand, W. F., and Lundell, G. B. F. Applied inorganic analy- 

sis. pp. 497-499. 1929. J. Wiley & Sons, New York. 

10. Mardsen, a. W., and Pollard, A. G. The benzidine method for the 

micro-determination of sulphate. Applications to the determina- 
tion of total sulphur in soil solution, extracts, etc. Jour. Soc. 
Chem. Ind. 66 : 464-468. 1937. 

11. Naptel, J. a. The glass electrode and its applicability to soil acidity 

determination. Soil Eesearch 4: 41-50. 1934. 

12. Neubauer, H. Eiin vereinfachtes Verfahren zur Bestimmung von 

Phosphorsaure, Kalium, Natrium, Calcium und Magnesium in 
salzauren Bodenauszugen. Landw. Vers.-Sta. 63 : 141-149. 1905. 

13. Olson, L. C., and Bray, K. H. The determination of the organic base- 

exchange capacity of soils. Soil Sci. 45 : 483-496. 1938. 

14. Parker, F. W. The determination of exchangeable hydrogen in soils. 

Jour. Amer. Soc. Agron. 21 : 1030-1039. 1929. 

15. Truog, E., and Meyer, A. H. Improvements in the Deniges colorimetric 

method for phosphorus and arsenic*. Ind. Eng. Cliem. Anal. Ed. 
1 : 136-139. 1929. 

16. Walkley, a,, and Black, I. A. An examination of the Degtjareff 

method for determining soil organic matter and a proposed modi- 
fication of the chromic acid titration method. Soil S(*i. 37 ; 29-38. 
1934. 

17. Wilcox, L. V. Determination of potassium by means of an aqueous 

solution of trisodium cobaltiiiitrite in the presence of nitric acid. 
Ind. Eng. Chem. Anal. Ed. 9: 136-138. 1937. 

18. Wright, C. H. Soil analysis. Pp. 141-143. Thomas Murby & Co. 

London. 1939. 



SIGNIFICANCE OP PHLOEM EXUDATE OP CUCURBITA PEPO 
WITH REFERENCE TO TRANSLOCATION OP ORGANIC 

MATERIALS^ 

Bruce J. Cooil 
(with two figures) 

Introduction 

The f?reen leaves of plants are the major loci of carbohydrate synthesis. 
Materials necessary for vegetative growth, fruit development, and storage 
of reserves must be moved from the leaves. That this movement occurs in 
the phloem has become a matter of general acceptance (9, 22). Considera- 
tions of the forms of carbohydrate which may account for movement have 
been restricted largely to the hexoses, glucose and fructose, and the disac- 
charide sucrose. Mason and Maskell (19) found sucrose to be higher in 
concentration in the inner bark of the cotton plant than in the outer bark. 
Sucrose also showed a greater response to ringing than did reducing sugars. 
From such considerations as well as concentration gradients, they concluded 
that sucrose was the principal mobile form in cotton. More recently Enoard 
( 12 ) in a study of the carbohydrate translocation of the Cuthbert raspberry 
concluded that sucrose serves essentially as a translocatory form and that 
reducing sugars are also mobile. Clements (1) found reducing sugars 
more abundant than sucrose in the petioles of sunflower, soybean, and 
potato. Furthermore, sucrose was at times absent from the petioles when 
translocation was occurring. 

The mechanism responsible for trans])ort in the phloem has been a sub- 
ject for much conjecture. Reviews of this subject have recently been pre- 
sented by Curtis (9), Mason and Phillis (22) and Crafts (7). At pres- 
ent there are two widely differing schools of thought. Crafts (8) has di- 
vided them as follows : (1) Those who attribute rapid diffusional movement 

of solute molecules to a specialized activity of the sieve tube protoplasm and 
(2) those who picture a flow of solution through perforate or permeable ele- 
ments resulting from a gradient of hydrostatic pressure developed osraoti- 
cally.’' Exudation of material from cut stems of cucurbits has been consid- 
ered strong evidence for the latter. Crafts (3, 4, 5, 6, 7, 8) has presented 
this argument fully. Mason, Maskell, and Phillis (20) have pointed out 
that whatever the pressure gradient in the intact stem may be, at the moment 
of cutting, it is opj)Osed only by atmospheric pressure. Thus, the pressure 
gradient across the cut end is enormous. Crafts (6, 7) now recognizes that 
the flow produced by cutting is very largely caused by a sudden destruction 

1 Published with the permission of the Director, as Teclmical Paper no. 67, of the 
Hawaii Agricultural Experiment Station. 
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of a pressure equilibrium between xylem and phloem systems. That flow 
may be induced to continue by repeatedly removing thin slices of the stem, is 
taken to indicate establishment of a new equilibrium between xylem and 
phloem systems. He thinks that this equilibrium is analogous to one existing 
in the intact plant which causes a normal flow of solution. It might be 
pointed out, however, that the flow obtained by repeated cutting may be 
largely caused by the maintenance of a zero turgor pressure for the phloem 
at the cut end. There seems to be no evidence that a condition analogous to 
this occurs in the unsevered plant. According to calculations by Mason, 
Maskell, and Phillis (20) the sieve plates alone would not offer too great a 
resistance to flow, if they are normally open. Yet microscopic observations 
show the pores to be filled with cytoplasm. Consequently, Crafts (6, 7, 8) 
maintains that the pressure flow’’ proceeds through the phloem as a whole, 
walls and lumina as well. Upon cutting the cucurbit stem, however, the 
only internal evidence of any flow under pressure is slime-plug formation 
at the sieve plates. Does this not indicate that the exuded material comes 
from the sieve tube lumina and has been forced through the sieve plates? 

The mass-flow hypotheses postulate a high turgor pressure gradient in 
the phloem. It is thought that removal of osmotically active materials from 
solution in regions of storage or utilization might maintain an osmotic gra- 
dient in the system. Huber, et al. (14) find positive concentration gradi- 
ents in exudate from a number of trees. Crafts (4) presents data showing 
gradients in the osmotic pressure of phloem exudate from cucurbits. It has 
not been positively demonstrated, however, that an osmotic gradient exists 
in the phloem or in the sieve tube system. Curtis and Scofield (10) found 
higher osmotic values in receiving organs than in supplying organs. This 
would appear not to substantiate the idea that an osmotic gradient is main- 
tained by removal of osmotically active materials from solution in receiving 
organs. 

Mangham (17, 18), appreciating the significance of plasmodesmata in 
affording continuity of protoplasm throughout the plant, considered that 
sugars moved on colloidal surfaces. Clements (2) has suggested . . that 
surface forces kept active by the respiration of living substances are at 
play. ...” That respiration may play an important role is indicated by 
the apparent necessity of oxygen for transport (21). An hypothesis that 
movement proceeds along a diffusion pattern is presented by Mason and 
Phillis (21, 22). Evidence has been given that actual movement occurs 
at a rate of the order of 40,000 times greater than can be accounted for by 
simple diffusion through water (19). They suggest that . . in the sieve 
tube the cytoplasm as a whole is activated by metabolic energy and that it 
behaves as a liquid with diffusion constants enormously greater than those 
in water, . . (22). 
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Since vegetative growth as well as storage necessitates translocation of 
carbohydrate from leaves, it is apparent that the quantity and the direction 
of the major movement are dependent upon the state of metabolism of the 
plant. Kraus and Kraybill (16) first demonstrated that vegetative and 
reproductive growth are conditioned by carbohydrate and nitrogen contents. 
Many chemical studies have followed dealing with relative carbohydrate and 
nitrogen contents of many plants under a great variety of conditions. From 
this wealth of material, it has developed that no trustworthy picture of the 
metabolic state of plants may be obtained solely from their carbohydrate 
and nitrogen contents; but when these are considered relative to type of 
growth, plant vigor, leaf color and environmental conditions, they assume 
a real significance. Furthermore, as Nightingale (24) has made clear, 
extremes of nitrogen deficiency on the one hand and of carbohydrate de- 
ficiency on the other have been repeatedly demonstrated to be associated 
with their respective types of plant response. 

Plants in a growing vegetative condition move growth materials to meri- 
stems. For such plants organic nitrogen synthesis is the dominant phase 
of metabolism. Carbohydrates and their derivatives are here utilized rap- 
idly in the formation of amides, amino acids, and proteins, and in respiration 
attending synthesis of organic nitrogen from nitrates. Clearly, in such 
vigorous plants, utilization and therefore translocation of carbohydrates is 
rapid. On the other hand, as plants attain a balanced fruiting condition, 
vegetative growth and the carbohydrate demand associated with it diminish ; 
instead, carbohydrates and their derivatives are moved to fruits and are 
utilized in fruit growth and storage. Plants deficient in nitrogen cease 
fruit development as well as vegetative growth, and carbohydrate consump- 
tion and movement is much reduced. 

The present investigation concerns cucurbit plants in three distinct 
metabolic categories: (1) young plants in a strongly vegetative condition, 
low in carbohj'drate content; (2) older plants in a balanced fruiting condi- 
tion, deficient neither in carbohydrates nor in nitrogen; (3) fruiting plants 
of the same age as (2) but deficient in nitrogen. Observations of conditions 
of growth and environment as well as chemical analyses of leaf tissue and 
phloem exudate were made with the view of determining: (1) the extent 
to which phloem exudate represents sieve tube contents ; (2) the forces active 
in causing exudation; (3) some information relating to the mechanism 
involved in phloem transport. 

Materials and methods 
Culture 

The Early Bush Scallop variety of Cucwhita pepo was used in these 
studies. The plants were grown in a greenhouse in water culture and sup- 



64 


PLANT PHYSIOLOGT 


plied with forced aeration. The composition of the nutrient solution was 
as follows: KH2PO4, 0.0050 M; Ca(N03)2, 0.0100 M; MgS04, 0.0050 M; 
MnS04, 1.0 mg./l. ; HjBOa, 0.5 mg./L; FeS04, 5.0 mg./l. 

Beginning with the second week, the solutions were changed weekly. 
Additional iron was added during the week as needed. The pH of the 
solution was maintained within the range of brom-cresol green (3.8-5.4) 
by addition of normal H2SO4. 

Ninety seedlings were planted in thirty 2-gallon glazed crocks on Janu- 
ary 14, 1939. On February 11, the series A collections were made from 
sixty of the most uniform plants. On February 18, thirty of the most 
vigorous plants were selected and placed in separate crocks. These were 
then divided into two treatment groups : in one group nitrate was applied 
as previously; in the other, nitrate was redu(*ed to 0.0018 M concentration, 
and on February 26, excluded entirely. 

In each case cahdum nitrate was replaced by equimolar concentrations 
of calcium chloride to maintain the calcium content as well as the osmotic 
pressure. The series B collections were made on March 5. 

A second study using this procedure was carried out during the summer 
of 1939. The results from this study are in general harmony with those 
from the winter study. For this reason, data from the plants grown in the 
summer will be reported only in a supplementary manner to present addi- 
tional information and points of ditference. 

Methods op collecting 

The plants used are characterized by short, stout stems and large leaves 
with long petioles. The petioles afforded the most convenient material for 
collection of exudate and were thus used exclusively in this study. 

At the time of the series A collection, the plants had 5 to 6 fully ex- 
panded leaves. Two leaves were selected from each plant on the basis of 
petiole length, blade size, and color. Only one leaf from each plant was 
used in a given collection. 

On the day previous to the series B collections, 5 plants from the plus- 
nitrogen group and 8 from the minus-nitrogen group were selected. Six 
mature vigorous leaves were selected from each plant. To limit photosyn- 
thesis to the blatles, the petioles of the selected leaves were covered with 
black paper. A single sample consisted of material from two petioles from 
each of 5 plants. Samples were collected from the series A group at five 
times during the day ; from the series B plus-nitrate group three times, and 
from the series B minus-nitrate group four times. The greenhouse atmos- 
phere ranged between 71° F. and 91 per cent, relative humidity before 
sunrise to 83°-84° F. and 81 per cent humidity at noon on each of the two 
days when collections were made. 
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The technique employed in collecting: the exudate is that described by 
Crafts ( 4 ). Weighed vials (50x20 mm.) were used. Only that exudate 
which flowed in the first minute after cutting was collected. Collection in 
each case was made from the portion of the petiole remaining attached to 
the plant. Exudate was obtained from two portions of each petiole: the 
‘‘upper petiole,” one centimeter from the leaf blade; and the “lower peti- 
ole,” five centimeters from the stem attachment. The exudate obtained 
from 10 to 14 “upper petiole” segments v^as combined and comprised one 
sample. The exudate obtained from the “lower petioles” comprised a sepa- 
rate sample. The time necessary for one collection varied from thirty 
minutes to an hour. The vials were tightly stoppered as soon as a collection 
was completed. 

The samples for tissue analysis consisted of: (1) the “upper petiole,” 
the segment extending from 2 to 14 cm. below the blade; (2) the “lower 
petiole,” extending from the petiole base to 6 cm. above it; and (3) the 
blade. During the colle(‘tioii cut tissue w^as kept under a moist cloth. 

Analytical methods 

Tissue 

In the laboratory the plant tissue was quickly weighed and sliced. Fif- 
teen- to thirty-gram fresh sainjiles were killed in a volume of 95 per cent, 
boiling alcohol previously calculated to make the final concentration 75 per 
cent. In the case of the blades, additional 75 per cent, alcohol was added 
to cover the tissue. Extraction of soluble material was accomplished by 
decantation ( 16 ). Alcohol was removed from 100 to 200 ml. of the extract 
on a hot plate. Calcium carbonate was added to prevent acid hydrolysis 
of sucrose. Tlie material was clarified with a slight excess of lead acetate 
and filtered. Excess lead acetate was precipitated with dry disodium phos- 
phate. Aliquots of 25 ml. of cleared extract were made acid to methyl red 
with 10 per cent, acetic acid and treated with two drops of a fresh 0.5 per 
cent, solution of invertase scales. After 20 hours, reducing material present 
was determined as an estimate of total sugars. Total sugars and reducing 
sugars were estimated by the method of Stiles, Peterson, and Fred ( 27 ). 
Sucrose was obtained by difference. The nitrate present in the same extract 
was estimated by the phenoldisiilphonic acid method ( 25 ). Total soluble 
material was estimated by drying aliquots of the alcohol extract at 65°~ 
70° C. The residue from the alcohol extract was also <lried at 65°--70° C. 
and weighed. Insoluble nitrogen was determined in duplicate weighed ali- 
quots of the dried and powdered residue by the micro-Kjeldahl method of 
pREGL ( 26 ). Eight drops of 30 per cent, hydrogen peroxide were added 
at intervals during the digestion. Protein was estimated by multiplying 
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the milligrams of nitrogen obtained by 6.25. Qualitative tests for starch 
were made with an iodine solution. 

Exudate 

The fresh weight of the exudate was obtained by difference immediately 
after collection. The protein material was then precipitated by addition 
of 4 to 5 ml. of 95 per cent, alcohol. The material was dried at 65^-70° 
C. and weighed. Reducing material was extracted from the dried material 
by repeatedly washing with small amounts of boiling water and decanting 
through washed Whatman’s no. 40 filter paper. The extract was then 
diluted to 25 ml. in each ease. Duplicate 4-ml. aliquots were used for the 
determination of reducing material. To these, 1 ml. of 0.1 per cent, an- 
hydrous dextrose solution was added, and total reducing material determined 
as for tissue extracts. To determine total sugars, 10 ml. of the extract was 
made acid to methyl red by addition of one to three drops of 10 per cent, 
acetic acid. One drop of a 0.5 per cent, fresh solution of invertase scales 
was added. The material was allowed to digest for 20 hours at room tem- 
perature. Reducing material was then estimated as before. Blank deter- 
minations were made on distilled water receiving the same reagents. The 
reducing power of 1 ml. of the 1 per cent, dextrose solutions was determined 
after addition to 4 ml. of distilled water. The reducing material in the 
extracts was then obtained by difference between the extract plus dextrose 
solution and the dextrose plus water solution. Sucrose was determined by 
difference between reducing material before and after inversion. 

Qualitative tests with diphenylamine showed nitrate to be present in all 
extracts. Tests with phenoldisulphonic acid indicated a nitrate-nitrogen 
content of less than 0.05 mg. in all samples, which is less than 0.15 per cent, 
of the dry weight of the smallest sample. 

In the summer study, 5-ml. aliquots of the extract were dried at 65° C. 
The soluble solids were estimated by weighing by difference. This dried 
material was then dissolved in concentrated sulphuric acid and the soluble 
nitrogen estimated by the micro-Kjeldahl method. 

The residue remaining after extraction and the filter paper through 
which the extract was decanted were dissolved in concentrated sulphuric 
acid. Protein was then estimated as for the tissue. Blank determinations 
were made on comparable filter paper. 

Experimentation 
Growth op the plants 

The first series of collections was made 27 days after the seedlings were 
placed in nutrient solution. The first 2 weeks of this period were charac- 
terized by a niunber of bright, warm days. In the third week, there was 
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scarcely a day when the sky was not overcast. This lack of sunlight con- 
tinued until the day preceding the collection. The atmospheric conditions 
were reflected in the outward appearance of the plants. Thus, in the flrst 
2 weeks the plants put forth a vigorous, balanced growth. At the beginning 
of the fourth week, the leaves were becoming darker green in color, and at 
the time of collection, their appearance suggested a type of growth charac- 
teristic of high nitrogen content or possibly carbohydrate deficiency. The 
data appear to confirm the latter as will be shown presently. 

The series B collections were made 49 days after planting of the seed- 
lings. The 22-day interval between the two collections was a period of 
sufficient sunlight to result in full and vigorous growth. By March 20, 2 
weeks previous to the series B collection, flowers were abundant on all 
plants. At the time of these collections, fruits were developing rapidly on 
all plants, but were beginning to absciss from the minus-nitrate plants. The 
leaves of plus-nitrate plants were of a light green color, whereas those of 
the minus-nitrate plants were showing symptoms of their lack of nitrogen 
in their yellow green appearance. 

Average lengths of petioles and blades are shown in table I. 


TABLE I 

LKNGTII of PHIOLhS \ND BLADhS; AVKRVGK OF 10 'JX> 15 LEAVES 


Group 


I 

' Length op petiole 


Lt NGTH OF BL VDE 


Series A 
Series B + N 
Series B-N 


cm. 

23 

32 

oo 


cm. 

l(i 

18 

15 


Tile average fresh weight per blade was 4.83 gm. for the young series 
A plants, 8.32 gm. for the jdants of the series B plus-nitrate group, and 
4.60 gm. for those of the series B minus-nitrate group. 

From these data, it is seen that the maximum leaf expansion and petiole 
length is attained by the series B plus-nitrate group of plants. The leaves 
of the series A groiq) are much smaller. This is due to the fact that, al- 
though the leaves were fully expanded at this stage, the plants were still 
very young. The minus-nitrate group shows a lack of maximum expansion 
caused directly by the lack of nitrogen during development. 

In brief, the picture presented is ; The series A plants were in a vegeta- 
tive condition. The dark green leaves which were sampled were produced 
by young, vigorously growing plants low in a source of carbohydrate, under 
conditions where carbohydrate synthesis was limited, but exposed to condi- 
tions ideal for synthesis one day previous to sampling ; the series B, plus- 
nitrate plants were older, were nutritionally balanced and at a fruiting stage 
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petiole tissue than in the exudate. In the minus-nitrogen plants, this 
difference was considerable. 

These sugar concentrations, as well as the protein concentrations, dem- 
onstrate a higldy local origin of the exudate. When the petiole is cut, the 
exudate can be seen to accumulate at the cut end of the phloem regions. 
The slime plugs that are formed in the sieve tubes occur only in the mature 
elements which have fully developed sieve plates (4). This is the only 
internal structural disturbance that is observed as a result of cutting. It 
is then likely that the solid material of the exudate consists largely of mate- 
rial from the mature sieve tubes. 

Microscopic observations show that most of the cross-sectional area of 
the petioles is occupied by^ very large extra- vascular parench>’matous cells. 
Consequently, the chemical analyses of the petiole tissue, when expressed as 
percentage of the fresh weight, are to a large extent estimates of the com- 
position of the extra-vascular parenchyma. The rather large differences 
between sugar concentration in the tissue and in the exudate as well as the 
differences in tissue concentration among the three groups of plants indicate 
that the concentration of sugars in the parenchyma must have little influence 
on that in the sieve tubes. 

It is worthy of note that only rarely does the total sugar concentration 
exceed 0.5 per cent, of the fresh weight of the exudate. In one case exudate 
was collected from the cut stem of a vigorous plant and its total sugar con- 
tent was found to be 0.20 per cent, of the fresh weight. In a collection of 
exudate from Cucurbit a maxima^ the total sugar concentration was 5.4 
mg./ml. (23). None of these concentrations even approaches the 9 per cent, 
solution supposed by Crafts (3) for calculating rates of solute movement 
into a pumpkin. It seems highly improbable, therefore, that accumulation 
of organic material in the pumpkin is a result of a mass flow of sugar 
solution. 

In table VIII is presented the fresh weight of exudate per petiole and 
the dry weight as percentage of fresh weight for the three groups. It is 
seen here that the flow was greatest from the minus-nitrate petioles and 
least from the low-carbohydrate petioles of series A. This is the reverse 
order if dependent upon sugar concentration of the exudate. Indeed, the 
amount of flow is directly correlated with the sugar content of the tissue 
instead. Furthermore, the greatest flow occurred from the minus-nitrate 
plants where translocation was much reduced. It is recalled that abscission 
of fruits was occurring in this group. The amount of flow from petioles is 
again of lowest magnitude in the vegetative group where the mature leaves 
were supplying carbohydrates to the rapidly growing meristems. The 
plus-nitrate petioles of series B were eonsideralJly larger than the minus- 
nitrate petioles, yet flow of exudate from the former was smaller. On these 
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bases it appears that no relationship between flow of exudate and translo- 
cation exists. 

TABLE VIII 

Average fresh weight of exudate per petiole and dry weight as 

PERCENTAGE OF FRESH WEIGHT, 

Milligrams obtained in one minute after cutting 


Series 

Number 

OF 

petioles 

averaged 

Fresh weight 

PER petiole 

Dry WEIGHT AS PERCENTAGE 
OF FRESH WEIGHT 

Upper 

PETIOLE 

Lower 

PETIOLE 

Upper 

PETIOLE 

Lower 

PETIOLE 



mg . 

mg . 

% 

% 

A 

70 

10.7 

20.0 

8.71 

9.00 

B + N 

30 

24.4 

32.8 

8.34 

8.79 

B - N 

35 

28.6 

41.8 

8.57 

8.82 


The data presented here afford little evidence that movement of carbo- 
hydrates occurs as a result of a mass flow of solution througrh the sieve 
tubes. Moreover, the protein content of the exudate is indicative of a 
dense protoplasm in the sieve tubes. Associated with this protoplasm may 
be a high metabolism as shown by an apparent accumulation of sugar against 
a gradient in the low carbohydrate plants. A cellular organization having 
these characteristics would surely play anything but a passive role whatever 
its function. 

Hamner (13) has presented evidence that the reduction of nitrate in 
plants is associated with a high respiration. Moose (23) found pH values 
of 8.0 and 8.1 in exudate of Cucurhiia maxima, A pH value between 6.8 
and 7.4 was obtained with range indicators on one occasion in the course 
of the present work. Such a neutral or slightly alkaline reaction is proper 
for nitrate reduction as shown by Bckerson (11). This observation to- 
gether with the low nitrate content may indicate that reduction of nitrate 
occurs actively in the sieve tubes. If this is the case, it lends further sup- 
port to the concept of a highly active phloem. 

It is now necessary to consider : (1) the extent to which translocation 
from the leaves of the various groups has occurred; and (2) the factors 
which (*on tribute to a flow of exudate from the phloem when the petiole 
is cut. 

Movement of sugars 

The total sugars of the tissue of blade and petiole segments are shown 
in table V. In series A the sugar content of the blade is at its low level at 
8 : 00 A.M. It rises from 8 : 00 a.m. to a maximum at 12 : 00 m., diminishing 
rapidly thereafter. The petiole segments show a similar trend. These 
petioles were not covered, so photosynthesis was normal. These trends in 
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the blades represent little more than the amount of sugar being formed rela- 
tive to the amount being used and translocated. In the petiole segments 
the amount present at any time is dependent upon the additional factor of 
the amount being moved in from the blades. For a period in the morning, 
the rate of sugar formation in the blades was exceeding the sum of the rates 
of removal and utilization. Throughout the latter part of the day, the rate 
of removal plus the increased respiration, owing to higher temperature, was 
exceeding synthesis. These plants were rapidly growing, necessitating rapid 
movement of growth materials, yet at no time was there a significant con- 
centration gradient from blade to upper petiole or from upper to lower 
petiole. 

In the plus-nitrate plants of series B, there is a marked difference in 
concentration between the blades and petioles. Between 8:00 a.m. and 
12 : 00 M. a greater rate of formation than removal is again shown in the 
blades. The upper petiole shows loss of sugar at 12 : 00 m. possibly because 
the petioles were covered with black paper preventing synthesis, and speed- 
ing up respiration in this segment. The lower petiole shows no significant 
change during this period ; supply and removal have been balanced. In the 
minus-nitrate plants, a still greater differen(*e in concentration exists be- 
tween blades and petioles. These blades show a greater rate of synthesis 
than removal throughout the whole day. There is a pronoun(*ed increase 
in sugar in both petiole segments even though these petioles were covered. 
A greater rate of movement into than of removal out of the segments 
accounts for this accumulation. This low rate of removal is associated with 
a sluggish metabolism and is in harmony with the observations of stunted 
growth and falling of fruits. 

Factors causin(3 exudation 

111 series A there was a pronounced decrease in the amount of exudate 
which flowed from a (*ut petiole as the day progressed. That this is a.sso- 
ciated with a water loss from the tissue is indicated (fig. 1). The fresh 
weights of the segments sampled are expressed as the percentage of the 
maximum. It should be remembered that the individual values are subject 
to sampling errors because of the relatively small number of segments used. 
It is also not known that the actual maximum and minimum points were 
obtained. Yet, the maxima and minima which were found for fresh weight 
of tissue closely correspond to maximal and minimal flow of exudate, respec- 
tively. A direct relationship between w^ater content of tissue and exudation 
is indicated. 

The flow" of exudate from the upper petiole was curtailed more by water 
loss than w"as that from the lower petiole. The loss of water, however, from 
the tissue of the upper petiole was less ; a smaller degree of water loss in the 
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upper petiole probably affected flow of exudate more. This may be ex- 
plained by a hiprher ratio of vascular tissue to parenchyma in the upper 
petiole. An approximate measure of this ratio is the insoluble material of 
the tissue expressed as percentage of fresh weight. The extra-vascular 
parenchyma consists of very large thin- walled cells contributing very little to 
the insoluble solid material. The vascular material, on the other hand, con- 
tributes largely to the insoluble material of the tissue due to secondary 



Fig. 1. Fresh weight of the petiole tissue and of the exudate as pereentage of the 
maxiiiinm value. Series A. 

thickening of the xylem elements and highly proteinaceous phloem. Table 
II shows a higher insoluble solid content in the upper ])etiole for this group. 

Wlien much collenchyrna exists in the upper petiole, it could contribute 
to this difference; to avoid this possible error, a comparison of only the pro- 
tein material may be made. That the protein material is to a large extent 
restricted to the phloem has already been shown. Table IV shows that this, 
too, is higher in the ujiper segment tlian in the lower. 

It thus apjiears that the water loss which may take place from a segment 
of the petiole is directly related to the amount of extra-vascular parenchyma. 
From this, it follows that the amount of phloem exudation is dependent in 
])art upon the water content of the extra- vascular parenchyma. Of course, it 
is recognized that water loss from the tissue of the blades as well as the 
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petioles is associated with a fn*eater negative tension in the xylem as the day 
proceeds. This is undoubtedly effective in decreasing exudation. 

For series B, the fresh weight of the tissue of the petioles is plotted in 
figure 2 as percentage of the maximum. There appears to be no significant 
change in water content of the tissue of the plus-nitrate plants between 8 : 00 
A.M. and 12 : 00 m. • In the minus-nitrate plants, there* appears to be a signifi- 
cant loss of water from the tissues during this period. In neither upper 
nor lower petiole is the water loss as severe or as extended as it was in series 
A. The minus-nitrate petioles had regained their turgor at 6 : 00 p.m., while 
it will be recalled that the turgor of the petioles of the series A group was 
not regained even at 8 : 00 p.m. 

Between 8 : 00 a.m. and 12 : 00 m. there was a very marked increase in 
exudation from the plus-nitrate petioles. Though not so marked, a similar 
response is seen in the minus-nitrate plants. This is in sharp contrast to 
the result for the same time of day in series A. There was very little differ- 
ence in the two days as far as temperature and humidity are concerned. 
There was no appreciable air movement on either day. The water loss from 
the blades of all groups of plants was marked during these intervals (i.c., 
as water per blade : 0.34 gm. in series A ; 0.74 gm. in the series B plus-nitrate 
group; and 0.40 gm. in the series B minus-nitrate group). Water loss due 
to transpiration was thus proceeding at a more rapid rate than was uptake 
by the blades. There is, then, every indication that a high negative tension 
existed in the xylem in all groups. 

It is evident that the explanation of exudation on cutting lies in a con- 
sideration of the presvsure relations of the tissues of the intact plant and in 
how these relations will be affected by cutting. This involves the functional 
pressure* of the cells of each tissue involved (that is, the pressure operative 
in producing a movement of water into or from them) . This is the net effect 
dependent upon the osmotic and turgor pressures.® 

In the petioles of Cvenrbita pepo, the extra-vascular parenchyma con- 
sists of very large, thin- walled cells. The water content of these cells is very 
high and will be affected to a considerable degree by functional pressures to 
and from them. They are cells capable of attaining considerable turgidity 
when conditions are favorable for movement of water into them; on the 
other hand, they can withstand considerable loss of water when the func- 
tional pressure is out of them. The xylem, in contrast to the j>arenchyma, is 
characterized by elements with secondary thi(*kening capable of resisting col- 

2 This is the pressure commonly given a number of names such as suction pressure, 
suction tension, not pressure, etc. 

3 Osmotic pressure is here considered the vector tending to move water into a cell 
due to the effect of the solutes of the cell sap in reducing its vapor tension. By turgor 
pressure is meant the vector resisting further water intake due to confinement within the 
cell. 
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lapse under conditions of deficit. Crafts (3) has shown that the phloem 
cells have thick, highly hydrated w^alls. An active sieve tube system would 
seem capable of developing a considerable turgor pressure. 

The total amount of water-soluble solids in exudate from petioles of 
plants grown during the summer of 1939 was about 70 per cent, of the total 
dry weight. The exudate contains an approximate 6 per cent, (ash shown in 
table VIII, the dry weight ranges between 8.3 and 9.0 per cent, of the fresh 
weight) solution of water soluble material of which not more than 0.5 per 
cent, is sugar. When this is compared to the 2.3-3.4 per cent, solution of 
the petiole tissue (table II), it would appear that the exudate in each ease 
has a greater osmotic pressure than has the tissue. The osmotic pressure of 
the exudate, however, is attributable mostly to soluble material other than 
sugar. 

Fully aware of these tissue relations, we are in a position to consider what 
takes place when the petiole is cut. Let us take first an early morning col- 
lection from the low carboliydrate plants of series A. We know that the 
rate of transpiration from the leaves did not greatly exceed the rate of up- 
take of water because the water content of the blades was at a maximum at 
this time. Consequently, there w^as little if any negative tension in the xylem, 
and the paren(*hyma and sieve tubes were turgid, (hitting the petiole re- 
sulted in a release of the turgor firessure of the sieve tube system causing 
a functional pressure into it from the xylem and parenchyma. The exuda- 
tion which occurred was a result of this water flushing the sieve tube con- 
tents from the cut petiole. 

As the day progressed and the temperature rose, the rate of transpira- 
tion exceeded water uptake resulting in an increasing negative tension in the 
xylem elements. This Avas associated with a water loss from the extra-vas- 
cular parenchyma of the })etioles, reducing their turgor pressure and in- 
creasing their osmotic pressure. It is likely that the turgor of the phloem 
was similarly reduced. The phloem, however, because of its higher osmotic 
pressure and the thicker cell walls, would not be expected to lose as much 
water as the parenchyma, (yutting the petiole under these conditions would 
instantly release the negative tension in the xylem (*ausing a now unbalanced 
functional pressure to operate from the xylem into the parenchyma and 
phloem. The already reduced turgor pressure of the phloem is released by 
the cut as before, but the much reduced turgor pressure of the parenchyma 
this time augments the functional pressure from the xylem into it. As a re- 
sult exudation from the phloem does occur, but not to the degree it did in 
the early morning, since much of the xylem water now moves into the paren- 
chyma rather than wholly into the phloem. 

In series B both the plus- and minus-nitrate plants have a much higher 
sugar content in their petiole tissues than have those of series A. That this 
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higher total sugar content contributed largely to a higher total soluble solid 
content is shown in table VI. There is little difference in the nitrate content 
of the plus-nitrate plants in the two series. The undetermined soluble mate- 
rial represents nearly half of the total soluble solids in each case. This frac- 
tion as well as the total sugars is higher in series B. What proportion of this 
material is represented by pigments and other substances which would contri- 
bute little to the osmotic pressure is not known. It is possible that a con- 
siderable proportion of it represents inorganic ions wdiich are osmotically 
active. 

We may now consider the plus-nitrate plants of series B. The paren- 
chyma of these, we have reason to believe, has the highest osmotic concentra- 
tion of any of the groups. Analysis has shown the sugar and nitrate to be 
much lower in the exudate than in the tissue as a whole. It has been noted 
that exudation w^as much greater at 12 : 00 m. than at 8 : 00 a.m. Since there 
is little difference in the quantity of solutes present at the two times, the 
principal variable apiiears to be the degree of tension in the xylem system 
and the pressure differences imposed by it upon the parenchyma and sieve 
tubes. 

In the morning, when tension in the xylem is positive or only slightly 
negative, water may be taken from it readily by the osmotically active cells 
until the movement into them is checked by their own turgor pressure. A cut 
at this time will release the turgor pressure of the phloem allowing water 
to enter it from the xylem causing exudation. Imposing a high negative ten- 
sion on the xylem system will reduce the turgor of the phloem and paren- 
chyma as in series A. In series B, however, the higher osmotic pressure of 
the parenchyma wdll resist water loss, resulting in less turgor reduction than 
occurred in series A. (hitting will now^ result in release of the negative 
xylem tension as well as the remaining turgor of the phloem causing a func- 
tional pressure to the greatest extent into the phloem and giving more 
exudation than occurred before. 

In this manner a liigher negative tension in the xylem might enhance 
exudation when a high concentration of osmotically active solutes exists in 
the parenchyma whereas an increasing negative tension in the xylem may re- 
duce exudation where the osmotic concentration in the parenchyma is low. 
The oc(*urrence of exudation has been explained by creation of a functional 
pressure into the sieve tubes when the cut is made. It would follow that in 
each case exudation is accompanied by some dilution. Consequently, none 
of the analytical values for the exudate represents the actual content of the 
sieve tube. If the actual com])osition of the phloem were the same through- 
out the day, the maximum concentration of material observed in the exudate 
would be the closest approach to that occurring in the sieve tube. 
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Summary 

1. Plants of Cucvrhita pepo in the following: physiological conditions 
were used in these studies : (1) young plants in a strongly vegetative condi- 
tion, low in carbohydrates; (2) older plants in a fruiting condition, deficient 
neither in carbohydrates nor in nitrogen; (3) plants of the same age as (2) 
but deficient in nitrogen. 

2. At certain intervals of the day, collections w^re made of the exudate 
which flowed from the cut portion of the petiole during the first minute after 
cutting. Collections of tissue from the leaf blades and petioles were also 
made. 

3. Reducing sugars, sucrose, protein, soluble nitrogen, and nitrate in tis- 
sue and in exudate were quantitatively determined. 

4. That the plants represented three distinct metabolic states is shown 
by observations of type of growth : leaf color, length, and weight as well as 
protein, sugar, and total solid content. 

5. Translocation is demonstrated in the minus-nitrate group by an accu- 
mulation of sugars in the petioles which were covered with black paper. In 
the other two groups sugars did not accumulate in the petioles, and because 
of the growth behavior of the plants translocation was known to be rapid. 

6. The sieve tubes seem to be the principal source of the solid material of 
the exudate. The exudate material appears to be in all cases diluted with 
water from the extra-sieve tube tissue. 

7. Sugar concentrations observed in the exudate are lower than any of 
those which have been used as a basis for calculating rates of flow of solution 
in the phloem. 

8. An active sieve tube protoplasm is indicated by a high protein and 
soluble nitrogen content in the exudate as well as an apparent accumulation 
of sugars against a gradient in the young plants. 

9. The sugar content of the exudate was not related to sugar content of 
the associated tissue, but appeared to be correlated with the metabolic level 
of the plants. 

10. A consideration of the effect of cutting the petiole on tissue-pressure 
equilibriums existing in the intact plant lends a plausible explanation for the 
occurrence of exudation as well as differences in exudation. 

11. The amount of exudate flowing from a cut petiole is not dependent 
upon translocation or upon the sugar concentration of the exudate. The 
data show little evidence of a “pressure flow’’ mechanism in the phloem. 

The writer wishes to express his gratitude to Dr. H. F. Clements who 
suggested the problem and who has generously rendered advice and sug- 
gestions throughout its progress. v 

Division or Plant Physiology 
University op Hawaii 
Honolulu, T. H. 
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THE EFFECT OF SALT CONCENTRATION UPON THE METAB- 
OLISM OF POTATO DISCS AND THE CONTRASTED 
EFFECT OF POTASSIUM AND CALCIUM SALTS 
WHICH HAVE A COMMON lON^ 

F. C. Hteward and C. Preston 
(with three figures) 

Introduction 

The metabolic processes which have been observed in potato discs under 
the conditions conducive to salt accumulation have been described (20) and 
a balance sheet of metabolites prepared (21). This work revealed certain 
relationships between the nature of the salt supplied and its effects upon the 
respiration and nitroj^eii metabolism of the cells. These results j^ave a new 
outlook upon the i)roblem of salt absorption and, therefore, the relationship 
of the metabolism of i^otato discs to salts was intensively and systematically 
investij?ated. 

The purpose of the further investigation was to identify the specific 
effects on metabolism of the most imi)ortaiit inorpinic anions and cations and, 
therefore, to provide the essential biochemical backf?round for a fuller under- 
standiiifi: of salt absorption. Of necessity the work was confined to cells 
derived from one plant and or^an — the potato tuber. Broad generalizations 
must ultimately seek tlieir confirmation in the behavior of other cells and 
tissues. No ai)ology need be made, however, for this first restricted attention 
to one type of cell which was investigated under rigorously controlled 
conditions. 

The sco])e of the entire work may be indicated because it demands that the 
results shall be described in three parts — ^subsections which yet represent 
integral parts of tlie whole problem. 

1. The first part deals wdth those effects on metabolism which are caused 
by neutral salts. The cxi)erimeiits described show the effects of the concen- 
tration of different j)otassium and calcium salts in the external solution and 
the effects due to the various anions and cations, respectively, stand revealed 
when experiments which involved the use of bromides, chlorides, nitrates, 
and sulphates of potassium and calcium are compared. Wherever possible 
concurrent experiments employed salts with a common anion and the data 
not only reveal the principal effects attributable to each ion but also the inter- 
action of the effects of anions and cations. 

2. The second part deals with the more difficult ])roblems raised by those 
salts which not only affect the external reaction of the solution, but which 

1 This is the third of a scries of papers on the biochemistry of salt absorption by 
plants. The authors are indebted to Prof. D. R. Hoagland for proof reading this paper. 
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The outstanding conclusion from these data is clear. All of the salt 
treatments (increasing concentration of external potassium salts) which in- 
crease respiration (table II, fig. 1) also increase the protein synthesis. This 
occurs, to some degree, at the expense of the soluble nitrogen reserves even in 
discs exposed to dilute salt solution or distilled water (20). Although time 
(not an absolutely constant factor throughout all of the experiments) is also 
involved, it is clear that the anion (NO3) caused the greatest protein syn- 
thesis. It also accentuated the elfect of potassium on respiration. Again the 
anion (SO4) had but little effect on respiration; it also provided the least 
stimulus to protein synthesis when present as the potassium salt. 

Conversely the salt treatments (increased concentration of calcium 
salts) which decrease respiration, also tend to suppress the synthesis of pro- 
tein from the storage reserve of soluble nitrogen compounds. In the nitrate 
series this result apparently does not hold. Not until the nitrogen frac- 
tions are considered in greater detail can this anomaly be removed. It can 
be stated here, however, that the normal synthesis of protein in potato discs 
utilizes nitrogen mainly derived from amino compounds and it is only 
when the nitrogen is derived from this source that the close parallelism be- 
tween synthesis and respiration is obtained. It has been indicated in an 
earlier work (19) that calcium tends to divert synthesis from the amino 
compounds to the other fractions of the soluble nitrogen. Furthermore, in 
the presence of nitrates, especially calcium nitrate, synthesis may proceed 
directly from inorganic sources independent of nitrogen drawn from 
organic amino compounds. The fact that the usual relation between syn- 
thesis and respiration apparently breaks down in the calcium nitrate series 
can therefore be explained. 

Prior to the more detailed analysis of the nitrogen fractions, the inter- 
relations of the effects of salt concentration on the processes thus far con- 
sidered are summarized in figure 2 which is constructed from the data of 
tables II, IV, and VI. Kespiration and sugar content are definitely affected 
in converse manner by salt concentration; compare the general trend, 
shown by the histograms, through the potassium series 4 to 1 and the calcium 
series 1 to 4. It is equally clear that the trend of protein synthesis (apart from 
the calcium nitrate series referred to above) is similar to that for respiration. 
In other words, figure 2 expresses the following in graphical form ; respiration 
and protein synthesis of potato discs are closely linked whereas there is no 
causal connection between respiration and sugar content (as affected by ex- 
ternal salt concentration). 

Effects op salt concentration on the soluble nitrogen fractions 

The detailed effects of salt concentration on the nitrogen metabolism of 
potato discs can be discerned from tables VII and VIII in which the data 
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are expressed in absolute units; and also from figure 3, in which the various 
fractions have been calculated relative to the initial total nitrogen content 
of the washed discs to which the value 100 was assigned for each experiment. 

EFFECT OF EXT SALT CONCENTRATION ON THE METABOLISM OF POTATO DISCS Ar23*C 

MTAON BELATWE BASIS -TISSUE IN SALT SOUJTON I - 100 
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Fig. 2. Effect of external salt concentration on .the metabolism of potato discs at 


23° C. 

From figure 3 the following conclusions, some of them already evident 
in the earlier data, can be verified. ^ 

(a). Protein synthesis (protein N represented by histograms below the 
line) occurs at the expense of the soluble nitrogen fractions (soluble N rep- 
resented by histograms above the line) in potato discs exposed to dilute 
aerated salt solutions (see no. 1 of each series) at 23® C. 
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(b) . In greater concentrations of potassium salts (chlorides and bro- 
mides) protein synthesis is increased. In solutions of sulphates the effect 
of potassium salt concentration on synthesis is slight. 

(c) . In solutions of nitrates the total nitrogen content is increased ; more 
so in potassium than calcium salts of the same equivalent concentration. 
When nitrogen is absorbed from potassium nitrate, protein synthesis ac- 
counts for a large proportion of the added nitrogen (80 per cent in solu- 


TABLE VIII 
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tion no. 4) whereas in the calcium series the protein synthesized represents 
a much smaller proportion of the total nitrogen absorbed (55.6 per cent, in 
solution no. 4). In other words, although there is a greater total synthesis 
of protein in the stronger calcium nitrate than in the weaker solutions, the 
effect of calcium as a depressant of synthesis is still apparent, 

(d). Amino nitrogen (amino acid + asparagine amino nitrogen) consti- 
tutes the largest solubje nitrogen fraction in all the tissue samples examined 
with the exception of the initial tissue used for the sulphate series. This 
contained much more amide nitrogen than the others.® Since this feature 

Some evidence obtained with i)otato tubers stored at low temperature (2° C.) shows 
that the relative accumulation of amide can be brought about by this treatment. In this 
extreme condition the high sugar concentration tends! -to produce a high rate of respira- 
tion which is different in its relations to nitrogen compounds from that observed in tissue 
drawn from normal tubers. The sulphate series showed a respiratory rate somewhat in 
excess of the normal value. There is every reason to believe that this tissue was drawn 
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disappeared under the experimental treatments it does not affect the com- 
parison of the effects due to salt concentration per se, 

(e) . In the two bromide series the gain of protein in tissue exposed to 
the dilute solutions (no. 1) was almost balanced by the loss of amino-nitro- 
gen (KBr loss of amino-N = 110 per cent, of gain of protein-N; CaBr 2 loss 
of amino-nitrogen = 103 per cent, of gain of protein-N) and in the dilute 
solution (no. 1) of the chloride series the gain of protein was also largely 
accounted for by loss of amino-nitrogen (79.2 per cent, for KOI and 73 per 
cent, for CaCL^). As a result of increased potassium salt concentration (no. 
4) the additional protein synthesized amounted to 0.37 (KBr series) and 
0.29 (KOI series) mg. per gm. initial fresh weight and of this 0.25 and 0.33 
mg. respectively could have been derived from the amino fraction. In the 
calcium bromide series the strong salt (no. 4) suppressed the synthesis of 
0.43 mg. of protein nitrogen and of this 0.36 mg. (83.8 per cent.) remained 
as amino-nitrogen and in the calcium chloride series the synthesis of 0.17 
mg. of protein-nitrogen Avas suppressed by the strong salt solution (no. 4) 
and 0.12 mg. of amino-nitrogen (70.7 per cent.) was conserved. 

Clearly, then, the principal effect of the salt is upon the utilization of 
amino-nitrogen, the bulk of which is amino-acid amino nitrogen, in protein 
synthesis. 

(f) . With respect to amide the position is more complicated owing to 
the presence of amides of different degrees of stability — heat stable amides 
(asi)aragine) and heat labile amides (comparable to glutamine). In the 
dilute salt solutions (no. 1) all of the series (KBr, CaBr 2 , KCl, CaCl 2 ) 
show an increase in the heat labile, easily hydrolyzable fraction which could 
account for a large part of the concomitant decrease in the stable amide 
fraction (KBr, 79 per cent. ; CaBrg, 44 per cent. ; KCl, 61 per cent. ; CaCl 2 , 
56.2 per cent). Increased concentrations of calcium salts, however, sup- 
pressed somewhat the disappearance of the amide fraction without affecting 
the accumulation of unstable amide appreciably. Also the increase in the 
concentration of potassium salts (difference nos. 1 and 4) decreases mark- 
edly the concentration of the unstable amide without a similar effect upon 
the reserve of stable amides. 

It seems, therefore, that the heat labile, easily hydrolyzable amide frac- 
tion does not arise directly from the more stable amide; it accrues from 
ammonia whi(‘h could be released mainly from amino compounds by oxi- 
dative deamination [see also (20)] and also in part by hydrolysis of the 
more stable amides. As previously noted (20) the unstable amide therefore 
appears as a reactive intermediary in the formation of protein and its final 

from a stock lAhich was in some degree affected by exposure to temperatures in storage 
lower than normal. There is no reason to suppose, however, that this feature determined 
the relationship to salt concentration which is here described. 
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concentration is decreased hy those salt treatments {K series) which greatly 
accentuate synthesis,’^ 

Certain parallelisms between the behavior of the unstable amide fraction 
and sugar will be apparent. The experimental conditions which cause a 
recrudescence of vital activity also stimulate starch hydrolysis, an increase 
in the concentration of sugar (culture no. 1: KBr, CaBra, KCl, CaCla 
series), and a relatively high concentration of unstable, easily hydrolyzable 
amide.® Oxygen and temperature are no doubt the chief causal agents but 
the salt treatments (increased potassium salt concentration) which still 
further stimulate respiration and synthesis decrease both the sugar residue 
and likewise the accumula'ted unstable amide. The converse is not true. 
The salt treatment (increased concentration of the halides of calcium) 
which depresses respiration and protein synthesis conserves the sugar 
residue but the concentration of the unstable amide remains unaltered. 


TABLE IX 
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These points are shown in table IX in which the effect of salt concentration 
on the heat labile amide is shovm by data calculated on a relative basis (un- 
stable amide content in tissue of culture no. 1 for each series = 100). 

7 It is more usual to regard asparagine and glutamine as by-products of protein break- 
down and somewhat off the main route of synthesis of protein from ammonia | see Chib- 
nall (2, pp. 109 and 194)] — a synthesis usually supposed to reconstitute amino acids 
prior to protein formation. The more attractive view that the protoplast produces protein 
from sugar and ammonia without forming amino acids as intermediaries is admittedly 
devoid of direct evidence. The relations which ChibnAll envisages between glutamine 
production and respiration concern the relation of glutamine to the cycle of metabolism of 
organic acids rather than protein synthesis. 

8 The sulphate series was done with tissue drawit^from a separate stock which had an 
imusually high amide content in the initial washed discs. This is the only case of its 
kind observed in a great many such analyses and the difference between the initial and 
final tissue of this series is not used as the basis of any conclusion. 
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(g). When the cations are supplied as nitrates two factors require con- 
sideration. First, as illustrated by the data on respiration, the nitrate ion 
enhances the specific effects due to the cations ; and, secondly, this anion can 
and does contribute to the soluble organic nitrogen fractions. After treat- 
ment in strong potassium nitrate the observed increase in the ammonia con- 
tent of potato discs is slight. The nitrate entering from potassium nitrate 
forms chiefly amino nitrogen and protein and the metabolism, although 
much stimulated by potassium, does not cause a net loss of the amino frac- 
tion. In presence of relatively strong calcium salts the amino fraction is 
almost identical with that of the corresponding potassium cultures but the 
outstanding fact is that the other nitrogen absorbed by the tissue forms much 
less protein and remains much more in the form of ammonia and amide than 
in the corresponding potassium culture. 

External potassium concentration, therefore, increases synthesis of pro- 
tein from amino acid and in this the effects of potassium and oxygen are 
similar — ^the former accentuates the effect of the latter. Ammonia is not 
present appreciably in the tissue treated with potassium halides (and only 
slightly in potassium nitrate solutions) and the residual concentration of 
unstable amides is reduced by the greater synthesis which is stimulated by 
potassium. It follows that the effects of potassium salt concentration are 
not confined to the initial stages of the utilization of amino acids but extend 
to most, if not all of the reactions involved ; especially those in which un- 
stable intermediates formed from sugar and ammonia are probably con- 
cerned. Calcium salts have the converse effect on protein synthesis; they 
depress the use of amino-acid^, conserve the heat stable amide, and (in cal- 
cium nitrate cultures) cause ammonia to accumulate appreciably. The con- 
centration of intermediates (heat labile amides) remains unaffected by high 
calcium concentration at the high values (no. 1) which are attained when a 
low rate of protein synthesis does not consume these faster than they are 
formed. Inasmuch as calcium, unlike the effect of potassium, fosters the 
storage and preferential use of ammonia and amide in the tissue, it diverts 
protein synthesis from the amino acids and encovrages it to proceed without 
that oxidative deamination of amino acids ; the latter is now believed to form 
the most probable link between protein synthesis and respiration. 

It is clear, therefore, that the somewhat unexpected effects of potassium 
and calcium salt concentration on respiration and synthesis of protein be- 
come intelligible when it is recognized that the active ions are the cations 
and these exert their effect through the nitrogen metabolism and especially 
the metabolism of amino acids. The nitrate series confirm this view, since 
the combined effect of nitrate and potassium increases the metabolism of 
amino acids whereas the combined effect of calcium and nitrate tends to 
divert most of the nitrogen metabolism which does occur through channels 
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effects of potassium and calcium — ^is governed by the ratio between the con- 
centration of the effective ions, rather than their total concentration in 
single salt solutions, and comparatively small concentrations of one ion 
{e.g,, Ca) may neutralize the effect of greater concentrations of the other 
{e.g,, K). The opposed effects of potassium and calcium ions in stoichio- 
metrically equivalent concentrations must be of quite another kind. In the 
concept of antagonism there is the implication that single salt solutions are 
injurious and it is this injury which is suppressed by the antagonistic effect 
of ions of another kind. The evidence is that the potato discs in aerated, 
single-salt solutions are free from the suggestion of injury. In the greatest 
potassium concentrations the most protein was synthesized — a property 
hardly consistent with injury to the living system. Furthermore not a 
single sample lost fresh weight during the treatment. Though not sepa- 
rately recorded the observed gain of fresh weight in discs which were pre- 
viously washed 24 hours in running tap water was never less than 3.7 
per cent., even in the strongest solutions used ; in the more dilute solutions, 
the gains were very much greater than those recorded. 

The cations and not the anions are primarily effective. The anions play, 
however, an undoubted role in so far as they accentuate the effects of the 
associated cation and the relative order (SO4 < Br < Cl < NO3) in which 
they do this is clearly that in which they also promote absorption from salts 
of a common cation. The cations (K and Ca) exert their effect as they 
accentuate or depress reactions which involve free oxygen. The connection 
between respiration and protein synthesis of potato discs has already been 
discerned in the metabolism of potato discs and the response due to salts 
with different concentration only becomes intelligible when this connection 
is appreciated. As described, the metabolic effects due to oxygen, potas- 
sium, calcium, and nitrate all fall into one scheme in which the utilization 
of amino acids, after oxidative deamination in protein synthesis, plays a 
predominant role. 

Clearly such effects of salt concentration may not be universal. In fact, 
the suggestion made that the salts act through the oxidase system of the 
potato might suggest that similar effects would be confined to the direct’^ 
and not given by the ‘‘indirect'^ oxidase (peroxidase) plants. Not all 
living cells are capable of such active protein synthesis as are those of potato 
tuber. Hence it is not ta be expected that so much of the aerobic respiration 
will always be linked with nitrogen metabolism.^^ Nevertheless, the results 

12 The rapid salt accumulation which can proceed in ^ ^ low-salt ' ^ plants, apparently 
independently of growth, calls for separate treatment. It happens that the cases studied 
have been monocotyledons low in soluble nitrogen. For various reasons, protein synthesis 
in the cells under the conditions of experimentation is rather improbable. Some other 
aerobic process, however, plays the rdle in these plants which is similar to that played in 
the potato by the amino acids. The details are unknown but the approach is clear. 
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described, which connect three of the most fundamental properties of living 
cells (aerobic respiration, protein synthesis, and accumulation of potassium 
and calcium salts) in a manner which was not hitherto evident, have wide- 
spread implications. 

Salt effects on potato discs and the Lundeoardh hypothesis 

The results bear on the views of LundegIrdh (8, 11, 12) which have since 
been extended (9).^® Criticisms of this hypothesis arise (6), from a con- 
sideration of evidence drawn from a diversity of plants, materials, and the 
work of many investigators. That the connection between salt uptake and 
respiration is a respiratory component, the very existence of which depends 
on anion absorption, has been denied^'^ (18). Salt uptake responds to 
changes in the aerobic respiration rate (brought about by variables such as 
oxygen concentration, temperature, etc., other than anion absorption) so as 
to suggest that the one (respiration) regulates the other (salt absorption). 
Moreover, it was stated that, apart from the anions NO3 and PO4, the efiEects 
of salts on respiration were due chiefly to the cations — a possibility which 
Lundeoardh (8, 12) did not allow. Lundeoardh then, as now (9), postu- 
lated an entirely different mechanism to account for the absorption of anions 
and cations. 

The earlier criticisms of Lundeoardh theory gains added force from 
these new results. Lundeoardh evades the detailed criticisms of his earlier 
work but, at least to his satisfaction, ‘^disposes of^^ the views of the senior 
author by the mere statement that potato discs constitute ‘‘unsuitable ma- 
teriar’ in which “anion respiration’’ is small relative to the “basic respira- 
tion” and the experimental conditions were varied too little in relation to 
the salts. The latter criticism relative to these experiments is clearly void, 
and the former is meaningless because as conceived by Lundeoardh 
“ Anion eiiatmung” has no real existence in the respiration of potato discs — 
the demonstrable effects of neutral salts on respiration are due primarily to 
the cations. 

In the case of potato discs rich in soluble nitrogen compounds, these amino acids 
occupy the key positions. In the work of Hoagland, however, it is shown that ‘Mow- 
salt^' barley roots (which are probably unable to synthesize protein) are rich in sugar 
and organic acids; the influence of the latter predominates in this case. If the deami- 
nation of amino acids in potato discs affects respiration mainly because this yields a 
carbon substrate (keto acids), these two cases may not be as different as one might sup- 
pose. As a result of previous nutritional conditions, the substances in question may 
have already accumulated in the ^ ^ low-salt ’ ' barley roots. 

13 LundegArdh attributes the relation of respiration and salt absorption (Bt = Eg 
+ KA) to a special component termed Anionenatmung, KA’^ which is superimposed 
upon the basic respiration, ^ ^Grundatmung, Eg.^’ Anionenatmung'^ has a value pro- 
portional to the equivalents of anion absorbed and the constant of proportionality (K) 
has the values NO., = 2, Cl = 3. 

1 * See also Hoagland and Broyer (6) and the later exchange of views (7, 10, 11). 
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Clearly constants characteristic of each anion could not account quanti- 
tatively for the effect of potassium and calcium salts on respiration; the 
effects due to the same anion supplied as a potassium or calcium salt are 
even different in sign. It is true that LundegAedh has modified slightly his 
earlier view and now recognizes that “at more intense anion absorption^’ 
the cation affects slightly the value of the “constant” from which “Ani- 
onenatmung” is calculated. The mechanism postulated is a vaguely speci- 
fied colloidal effect which is not directly determined by the quantity of 
cation absorbed. 

If the total respiration of potato discs is to be partitioned at all, then 
the components which should be separated are those described earlier (21) ; 
namely, that part of the total respiration which in its production is linked 
with protein synthesis (and in special cases this may constitute as much as 
43 per cent, of the totaP°) and the remainder which arises independently of 
a net increase in protein and of nitrogen metabolism. Whatever the final 
conclusion concerning the nature of the latter component — the data in this 
paper establish the reality of the former. The chief interest of such a 
partition of the total respiration is the evident fact that the component of 
respiration which is United to protein synthesis in potato discs seems to he 
more closely associated with salt accumulation than even the total respira- 
tion, Since this component is entirely aerobic there is no discrepancy be- 
tween this standpoint and the previous emphasis upon the importance of 
the aerobic processes of metabolism in salt accumulation. The new facts 
indicate that the aerobic metabolism processes in question are related to the 
nature and concentration of the cations in the external solution. 

Further discussion is not necessary regarding Lundegardh’s views on 
the comparative rates of respiration of cells in distilled water and salt 
solution. Paced with the perhaps unexpected result (which does not follow 
from the theory of “Anionenatmung”) that the calculated value of “Rg” is 
less than the respiration in distilled water (where anion absorption is 
clearly zero), Lundeoardh postulated that the concentration gradient is 
steeper in the absence of absorbable anions and more respiratory energy 
must be expended to retain the anions of the sap. He also stated that the 
presence of even a low external concentration of anion eliminates this 
necessity; in stronger solutions the “work of transport” rises and hence the 
increase in total respiratiop. In other words, the basic respiration is af- 
fected by the concentration gradient between solution and cell only when 
this latter is maximal (concentration difference = the concentration of the 
cell sap) ; at all other concentrations, and whenever absorption is finite, the 
magnitude of the respiration component “Rg” is ii^jdependent of this factor. 
It is better to question the validity of the relationship Rt = Rg + KA than to 

15 Solution 4, KNOa series, for example. 
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adopt such an argument. As it concerns absorption, LundegIrdh^s theory 
is not based upon the general concept that the work done in accumulation 
is a function of the concentration gradient against which the absorption 
occurs ; and still less, upon any rigorous thermodynamic principles by means 
of which the work or energy value of the absorption can be evaluated. 

The data in this paper need no such complicated assumptions regarding 
respiration in distilled water. For potato discs in distilled water respira- 
tion is at a level regulated solely by such variables as temperature, oxygen 
concentration, specific surface, etc., — ^variables treated fully elsewhere — and 
in this condition the tissue is unaffected either by the stimulating effects of 
cations of one kind (c.f/., K) or the depressing effects of others {e.g., Ca). 
In other words ‘‘respiration in distilled water’' falls into its proper place 
in a range of salt treatments which passes from strong potassium salts on 
the one hand to strong calcium salts on the other. 

What then measures the respiration of tissue not undergoing salt absorp- 
tion according to Lundegardh? Lxjndegardii makes the assumption that 
there can be no anion absorption in bicarbonate solutions. Although this 
anticipates the results of another investigation similar to this one, it is 
clear that the bicarbonate ion exerts its own specific effects on metabolism. 
These — ^like the ones already described — are related to absorption. Other 
work by Hoaqland, privately communicated to the authors, also shows that 
potassium cations are absorbed from bicarbonate solutions. This latter 
criti(dsm would perhaps not be of such great importance were it not that 
Lundegardii uses the respiration of roots at zero anion absorption to cali- 
brate the respiratory efficiency uf different batches of roots and, by the 
use of calculated factors, attains the semblance of close agreement between 
what are in reality a number of separate and obviously variable experi- 
ments. That the methods used by Lundegardh still fail to standardize the 
variables in the material is evident from even a casual perusal of the abso- 
lute data ; thus comparisons, except between the behavior of strictly com- 
parable samples drawn from the same large batch of seedlings, could be 
justified only by a statistical analysis which is lacking. For all these rea- 
sons the theory of “Anioneuatmung” is still to be regarded as unproved, 
relative to roots ; with respect to potato discs, however, it is inconsistent with 
the established facts. 

The recently published work of Van Eijk (22) contributes the interest- 
ing result that the respiration of salt marsh plants {Aster tripolium) is much 
affected by salts (NaCl). He discusses the results from the standpoint of 
LundegArdh but his calculated values for the constant anion respiration 
fluctuate over a wide range. His data do show that salts affect the respira- 
tion of halophytes ; they do not establish the anion respiration as a special 
component of that respiration which is produced by salt absorption. 
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Kelation between nitrogen metabolism and respiration 

The case op barley plants and potato discs compared. — Gregory and 
Sen (3) recopfiiized the possibility of a close connection between carbon di- 
oxide output and nitrojren metabolism. In barley leaves the respiration 
was controlled by nutritional factors during development (potassium and 
nitrogen supply) and under these treatments high respiration was not as- 
sociated with a high sugar content but rather with a high concentration of 
amino acids. The relatively low respiration of high-carbohydrate Lemiia 
plants when grown under conditions of low nitrogen supply was similarly 
observed by White and Templeman (23). Discussing later experiments 
concerned with the effect of phosphorus nutrition on the composition and 
respiration of barley leaves, Richards (16) stressed mainly a supposed re- 
ciprocal relationship between carbon dioxide output and protein content. 
This relationship is regarded from a novel standpoint: not from the more 
familiar and old idea that protein is a measure of the total active substance 
capable of respiration, but from the converse standpoint that a certain 
fixed and continuous production of carbon dioxide is required to maintain 
a given amount of protein. 

The results of the experiments on the effect of salts and oxygen on potato 
discs agree with the recent work on barley plants, in so far as resjiiration is 
not determined by sugar concentration. The behavior of potato discs sug- 
gests, however, that neither the concentration of amino acids nor of protein 
regulates the respiration rate and that the portion of the total carbon di- 
oxide output which is linked with nitrogen metabolism is determined by the 
conversion of amino acids to protein. There is as yet no evidence for potato 
discs which indicates that the concentration of amino acids regulates protein 
synthesis (13) ; on the contrary, it appears to be regulated mainly by other 
factors (oxygen tension and the presence of inorganic cations) which de- 
termine the activity of systems in the cells that catalyze oxidation and also 
deaminate amino acids. Pearsall and Billimoria (14) rightly em])liasize 
the diversity of factors which govern protein synthesis in different species 
and the vital properties such as age in the case of leaves. 

Both the system investigated and the method of approach of Gregory 
and his associates differ in important respects from the case of aerated po- 
tato discs in salt solutioni^ and, therefore, too close a parallel should not be 
drawn. Gregory and his co-workers modified the composition of their 
plants by nutritional means and, after steady states were established, the 
respiration rates were determined during periods so short that the com- 
position of the leaves did not change appreciably. The rates observed were, 
therefore, regarded as regulated by the initial coniposition. Actual changes 
in the nitrogenous fractions associated with a given amount of carbon di- 
oxide respired were apparently not investigated. In fact, it is implicit in 
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the scheme suggested that for the steady state net changes in the nitrog- 
enous fractions would not be observed but that nevertheless the carbon 
dioxide output would be regulated by the continuous cycle of protein syn- 
thesis, breakdown, and resynthesis. The rate of the postulated cyclical 
process was conceived to be regulated apparently by the steady concentra- 
tions of the nitrogenous compounds of the cells caused by the nutritional 
treatments applied. 

During development and storage the potato tuber does attain a steady 
level of soluble nitrogen compounds — level which in Gregory's scheme 
might appear as the resultant of balanced tendencies to synthesis and break- 
down. The conditions which obtain in the aerated cut discs, however, so 
encourage synthesis that any hypothetical tendency to simultaneous break- 
down is masked and evidence of a continuous cycle of nitrogen metabolism is 
lacking. Under such conditions it is the new external conditions imposed 
which determine the response of the cut discs and their initial uniform com- 
position, with reference either to salts or metabolites is not a determining 
factor. In fact, in so far as the metabolism is regulated by salts, it seems 
that during entry these have access to more iiotent spheres of influence than 
the ions already stored in the cells since their effects are disproportionately 
large relative to the amounts actually absorbed. This is in harmony with 
the idea — inescapable from these investigations — ^that salt uptake and pro- 
tein synthesis of potato discs are processes which are linked together. 

Protein breakdown is a conspicuous feature of mature leaves ( 14 ;, 
especially of monoc'otyledons which are incapable of further growth; in the 
aerated potato discs, however, synthesis may be long maintained. In short, 
the nitrogen metabolism of the rapidly metabolizing cells of the potato discs 
does not appear as a cyclical process in which the rate is regulated by the 
steady concentrations of the comjKments as envisaged by Gregory and Sen 
(3), but rather as a linear one in which there is a progressive gain of 
protein at the expense of a reserve supply of amino acids and a steady state 
is not established. Other data show that this condition may be long main- 
tained — in fact until most of the soluble nitrogen is converted to protein.^*^ 
Potato cells are able to grow (piite effectively in contrast with isolated or 
mature leaves of grasses. For this reason, considering the relation of respi- 
ration to nitrogen metabolism, greater emphasis must be placed upon the 
one-way process of synthesis than upon a hyjiothetical cycle of balanced 
synthesis and breakdown since the former can be demonstrated. It may be 
assumed with confidence that similar considerations will apply to other ac- 
tively growing cells. The chief charm of the cyclical explanation is the 
ease with which, at some point, it can be adapted to demands made upon it; 

Thin potato discs in air will incrcaHc in protein content nntil this equals over 
60 per cent, of the total nitrogen. 
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but this should not obscure the fact that it stands or falls by the evidence 
for the continuous cycle of protein synthesis and breakdown. It is pre- 
cisely in those cases where cells are no longer able to grow^’' that the evidence 
for continuous breakdown must appear strongest. Also in the case here 
described nitrogen metabolism and respiration alike are regulated not by 
the concentrations of any nitrogenous or carbohydrate components of the 
tissue but by those external variables (oxygen and salt supply) which limit 
the extent to which the cells exercise their evident capacity for synthesis. 
This capacity is determined ultimately by the vital properties of the system 
concerned and not by the concentrations of any of the nitrogenous com- 
ponents. With these reservations, the views of Gregory and Sen go far 
toward a general explanation of the data herein presented. 

Accordingly, the interpretation of these results must rest upon a direct 
connection between protein synthesis and respiration. This connection be- 
comes credible when it is appreciated that the stored amino acids may not 
be directly used in protein synthesis but first liberate ammonia which, with 
products derived from sugar, generates protein. Such views impinge upon 
old, and still open, controversies regarding the true nature of the relation- 
ship of both respiration and amino acids to protein synthesis and break- 
down. Further reference should be made to the recent book by Chibnall 
( 2 ) as extended reference to them is not possible here. The main con- 
clusions, however, can rest upon the demonstrable facts that carbon dioxide 
output and the utilization of amino nitrogen in protein synthesis are in- 
separably Jinked in potato discs. Furthermore, both processes are regu- 
lated by variables (oxygen and the presence of salts) which determine the 
activity in the tissue of an enzyme system which can liberate ammonia from 
amino acids in vitro. That the corresponding a*keto-acids thus liberated 
contribute to the carbon substrates from which the increased carbon dioxide 
output is derived is an hypothesis which can be justified at present only by 
its probability. 

The evident connection between protein synthesis and accumulation, 
which is the logical sequel to the parallelism between accumulation and 
growth previously noted, invites speculation on the mechanism of salt up- 
take. The obvious mode of approach is to postulate loose anion and cation 
combinations with the positive and negative ions of amphoteric amino acids. 
In this form the ions might be conducted across the protoplast only to be 
released into the vacuole when many of the acid and basic groups disappear 

17 Chibnall (2) in his recent book concludes thut some factor from the root, probably 
hormonic, regulates the protein level of attached leaves. This is another way of saying 
that the response of attached leaves as part of the integrated system of shoot and root is 
different from those detached:— a difference which seems determined by their capacity to 
grow whether this in turn is regulated by hormones or other properties of the organized 
system of which they form a part. 
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with synthesis. Until the nature of such postulated compounds of salts 
with amino acids is exactly specified, until the milieu in which synthesis 
occurs can be designated, and until the reason why the same mechanism 
does not equally conduct salts outward is clear, any attempt to build a 
theory of salt uptake on such premises is unwarranted. 

Without the implication of the importance of synthesis Brooks (1) has 
postulated anion and cation combinations with the proteins of the proto- 
plasm, in which jihase he believes the primary accumulation occurs. 
Lundegardii (9) envisages the entry of anions (A) in combination with 
unspecified organic bases (R) and the essential stage of accumulation to 
occur at the inner surface when the compound (RA) activates the break- 
down of glucose. While it may seem that there is a common element in 
these three views it must be clearly recognized however, that all such facile 
speculation is premature. Despite the evident effects of salt concentration 
on total uptake, protein synthesis, and respiration direct quantitative rela- 
tions between them are elusive. In fact, it appears from a consideration 
of the results that such cannot be expected. The essential point is that 
accumulation in potato discs occurs only if protein synthesis taJas place 
but mere passive absorption to equality of concentration can occur irre- 
spective of protein synthesis. It remains for future work to specify more 
closely the contact between salt accumulation and the aerobic synthesis of 
protein from amino acids and to distinguish between effects which are due 
to the energy value of the extra respiration thus stimulated, effects which 
could be produced by any other substrate of aerobic respiration; and those 
w^hich are peculiarly dependent on protein synthesis because of some essen- 
tial reactions which this entails. 


Summary 

1. The effei't of a range of salt concentrations on respiration and metab- 
olism of potato discs is described. The experiments were carried out under 
controlled conditions conducive to salt accumulation. The salts used were 
bromides, (*hlorides, and nitrates of potassium ; and calcium and potassium 
sulphates. The carbon dioxide output of the discs and the effect of the 
treatment on carbohydrate, soluble nitrogen fractions, amino and amide 
nitrogen, ammonia, and protein nitrogen were determined. 

2. The effects of salt concentration on starch hydrolysis are slight. The 
tendeiK-y is for increased concentration of potassium salts to decrease and 
calcium salts to increase starch hydrolysis. This is the converse of the 
more important effect of salts on all the processes which involve oxidation. 

3. Increased external concentration of potassium salts increases respira- 
tion and all other reactions which are favored by oxygen, whereas cor- 
responding concentrations of the calcium salts with a common anion depress 
these processes. 
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4. The salt concentrations which induce high respiration do not produce 
high sugar content. High rates of resi)iration and lower sugar content 
lobtain in the tissue exposed to strong potassium salts and the converse is 
true of the discs treated with calcium salts. Sugar concentration does not 
determine respiration. 

5. The effective ions of the salts are the cations. The specific effects of 

the cations are accentuated by the anions and these, like the contrast be- 
tween the effect of potassium and calcium salts at the same equivalent con- 
centration, are influenced by the anions in the order NO^ > Cl > Br > SO4 
which is also the order in which they influence absorption of a common 
cation. ' 

6. The effects of salts on respiration are closely connected with their 
effect on protein synthesis from stored amino acids. Potassium salts stimu- 
late, calciuiU salts depress both processes. 

7. In potassium nitrate solutions the bulk of the nitrate absorbed passes 
via amino acid to protein. In calcium nitrate solutions less nitrate is 
absorbed, much less of it appears as protein and the nitrogen metabolism 
is diverted from amino acids to amide and ammonia. 

8. Only the protein synthesis which proceeds from amino acids is linked 
to respiration. The contact between protein synthesis and res})iration 
seems to be the oxidative deamination of amino acid. Amino acids do not 
yield protein directly but are first deaminated; they then release ammonia 
and a carbon residue (probably keto-acid) which contributes to the sub- 
strates of aerobic respiration. The activity of the oxidase system of potato 
which produces oxidizing agents which deaminate amino ac'ids is stimu- 
lated by the salts that also increase protein synthesis. 

9. Amides, easily hydrolyzed at pH 6.5 in hot solutions, the stability 
of which is similar to that of glutamine, accumulate in the actively respir- 
ing tissue and appear to be the products derived from sugar and ammonia 
from which protein is formed. 

10. Protein synthesis and the aerobic respiration with which it is asso- 
ciated are the phases of the metabolism of potato discs most closely con- 
cerned with salt accumulation. Accumulation occurs even in strong (0.075 
equivalents per liter) solutions of potassium salts but in calcium salts of 
this strength, in which a net gain of protein is not i)roduced, the absorp- 
tion of anions does not exceed equality with the external solution. 

11. The salt effects are exerted in centers accessible to salts being 
absorbed ; these centers, however, are inaccessible to salt merely present in 
the external solution or accumulated in the sap. 

12. The bearing of the results upon the present status of the problem of 
mlt accumulation is discussed. The necessity for further work to elaborate 
the connection between salt absorption, protein synthesis, deamination of 
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amino acids, and the aerobic respiration with which it is associated, is 
emphasized. 

12. Comiiarison is made between the relation of respiration to iiitrojijen 
metabolism as revealed by work on mature barley leaves and potato discs. 

13. The data are discussed relative to Lundegardh’s theory, to which 
exception is taken. 

Birkbk(’k College 

TJnivp:rsity of London 
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FOLIAR DIAGNOSIS STUDY OF CLIMATIC INFUBNCES ON THE* 
NUTRITION OF SPRING AND FALL GROWN 
GREENHOUSE TOMATOES^ 

Waltee Thomas and Wabren B. Mack 
(with thirteen figures) 

Introduction 

Up to the present, our studies on foliar diagnosis (4, 5, 7, 8, 9, 10) have 
been confined to the effect of fertilizers acting during a particular growing 
season. But the effect of a specific fertilizer element on growth and devel- 
opment is the resultant action of (1) the fertilizer itself and also (2) that 
of the medium ; that is, of the unfertilized soil together with the meteorolog- 
ical factors. 

The physical characteristics constituting the meteorological forces can 
influence growth and development, either directly by action on the aerial 
portions of the plant or indirectly by their effect on the chemical, biological, 
and physical condition of the soil. Accordingly, with respect to the chem- 
ical pro(*esses taking pla(*e in the leaf, there exists what may be conveniently 
designated a ‘‘chemism,’^ due to the impulse given by the fertilizer itself, 
and also a ‘‘chemism” due to the impulses given by the meteorological 
factors (1). 

Inasmuch as the same fertilizer element may result, in meteorologically 
different years, in giving widely different developments and yields, it is 
necessary to postulate that the influence of a given fertilizer element on 
the mode of nutrition of a given species is different in meteorologically 
different years or seasons. 

Experimental evidence in support of such an hypothesis has been estab- 
lished (1), the theoretical considerations for which are deduced in terms 
of the coiK'cpts of the method of foliar diagnosis and applied to the con- 
ditions of the present investigation in the experimental part of this paper. 

The purpose of this investigation is to obtain information on the relative 
magnitude of the differences in the foliar diagnosis of a particular plant 
species and variety subjected to differential fertilizer treatment under such 
extreme differences in the climatic conditions as exist in the spring and fall 
of a particular year. Under the particular conditions of this experiment 
the principal differences in climatic conditions are those due to differences 
in intensity and daily duration of light in the spring and in the fall, 
respectively. 

1 Authorized for publication as Paper no. 953 in the J ournal Series of the Pennsyl- 
vania Agricultural Experiment Station. 
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Materials and methods 

Descriptions of the experimental lay-out and methods of culture have 
been ^iven previously (2, 10), For purposes of orienting the reader the 
following facts pertinent to the experiment are given. 

The plots, twenty in number, were 5| feet wide by 8 feet long and con- 
tained 12 plants each. The soil was a composted clay loam about 14 inches 
deep lying over a clay loam subsoil and was supplied with lines of 4-inch 
drain tiles, 12 inches below the surface and 27 inches apart. The fertilizer 
treatments, shown in table I, consisted of single elements, combinations of 
two elements, and also of all three elements, one series with and another 
without manure. Nitrogen was supplied in the form of sodium nitrate 
equivalent to 42.] gm. of N to each plot;^ phosphoric acid in the form of 

TABLE 1 

Plot numbers with treatments \nd yields of fruit 





1 Yield 

Plot 

Treatment 

Symbol 



Spring 

Fall 







lb. 

lb. 

lOB 

Nothing 

Check 

88.1 

54.7 

lOL 

Manure 

M 

113.2 

63.2 

V2L 

NaNO 

N 

64.4 

54.6 

12R 

NaNO, + manure 

N + M 

121.9 

60.1 

14L 

Superphospha to 

V 

43.3 

64.9 

14R 

Superphosphate + manure 

P 4 M 

1 113.5 

53.6 

16L 

NaNO, 

Superphosphate 

NP 

30.9 

70.2 

16R 

‘ * -I manure 

NIM M 

117.9 

71.3 

18L 

NaNO, 

KCl 

NK 

1 

95.6 

07.3 

18R 

+ manure 

1 NK + M 

120.5 

68.1 

20L 

Rupeipho8i)hate 

KCl , 

' PK 

1 

98.8 

70.5 

20R 

+manuie 

1 PK 4 M 

129.3 

85.2 

2B 

NaNO, 

Su])erphoH])hato 

KCl 

1 

NPK 

113.8 

60.7 

2L 

^ ^ + manure 

NPK + M 

121.8 

65.1 

4R 

NaNO, 

Superxjhosphate 

(2N)PK 

107.3 

62.3 


KCl 




4L 

* ‘ + manure 

(2N)PK + M 

115.5 

67.1 

8R 

NaNOj 

Superphosphate 

KCl 

(BN)PK 

104.5 

62.6 

8L 

* ^ + manure 

(RN)PK,hM 

120.5 

60.9 


2 Plots 4R and 4L received twice this amount of N and })lots 8R and 8L, biweekly 
additions of the unit quantity of N. 
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superphosphate equivalent to 125.2 ^m. of P2O5 per plot, and potash as the 
muriate, equivalent to 43.1 j?m. of K2O perl plot, were applied just before 
plantinjr. These applications are equivalent to 500 lb. of NaNOs, 1250 lb. of 
superphosi)hate, and 350 lb. of muriate of potash to the acre. 

Manure applications consisted of 110 lb. of rotted horse manure per plot 
(about 50 tons to the acre) spaded into the soil just before steam pasteuriza- 
tion, preparatory to the planting? of the fall crop. The amounts of manure 
applied to each plot contained 422.1 p:m. of N, 274.9 f?m. of P20r„ and 345.8 
gm. of K2O. The plants, which were j?rown from Pennsylvania certified seed 
of the Mar^^lobe variety, were transplanted from 4-inch pots into the beds on 
March 9 for the spring? crop and on Auf^ust 15 for the fall crop. 

Pollination was by means of a watch {?lass applied to the stij^mas of well- 
opened flowers. Up until the plants were about 4 feet tall they were sprayed 
with (‘uprous oxide suspension in water, at the rate of one 2>ound of cuprous 
oxide to 50 callous of water, with a neutral wettin*? aj^ent. Water was sup- 
plied by allowinji; it to run from a hose for the same leiifrth of time on each 
plot. Fruits were harvested when well-colored, and were weifrhed imme- 
diately. The treatment <*:iven to each plot is shown in table I. 

Temperatures were maintaiiied accordinf? to the usual practice in commer- 
cial greenhouses; from 60° to 65° F. at nif»:ht, 65° to 70° on cloudy days, and 
approximately 75° on clear days unless the temperature rose above these 
raiijres without Hrti6cial heat and with the ventilators open. The averaj?e 
daily mean temi)erature, coini)uted from continuous thermograph records, 
was 74.8° for the sprinji: crop and 73.5° for the fall crop. 

Results 

The yields obtained from the simin}? and fall crop, respectively, are shown 
ill table 1, and the percentafres of nitrofren, phosphoric acid, and potash in the 
dried foliage at the three dates of sampling:, tog:ether with the millig:ram 
ecpiivalent values and the composition of the NPK-units, are shown in table 
IT and jiresented ^graphically in fig:ures 1 to 12. 

Discussion of results 

(Comparison of the yields from each treatment under spring and fall 

CLIMATIC CONDITIONS 

In the manured series the yield from a particular plot is always much 
g:reater in the spring: than in the fall ; in the majority of treatments it is 
about twice as grreat in the spring:. 

In the unmanured series the yield from a particular plot is also higher 
in the spring than in the fall except in two treatments, [P] and [NP], that 
resulted in a severe attack of fusarium wilt of tomato in the spring. In the 
unmanured series, however (with the exception of the plots mentioned), the 
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diiFerenceb between the yields in the two seasons from a particular treatment 
are not so great as the differences existing in the manured series. 

Furthermore, the range of differences in yields from different treatments 
is much greater in the spring than in the fall. 

The course of nutrition as indicated by the values of the percentages 

OF NITROGEN, PHOSPHORIC ACID, AND POTASH IN THE DRIED FOLIAGE 
AT THE THREE DATES OF SAMPLING 

These values are recorded in the second, third, and fourth columns, 
respectively, of table TI and are shown graphically in figure 1. 

Comparison of the graphs of each treatment under spring and fall 
CONDITIONS respectively. — ^In both the manured and the unmanured 
series the nitrogen graph of a particular plot in the fall is always much 
above that of the same plot in the spring; this indicates that demand is 
greater relative to supply in the spring than in the fall. 

At the first date of sampling the graph for the potash in the fall is fre- 
quently lower than that of the same plot in the spring ; this is true of the 
[nothing], [N], [NK], [(2N)PK], and [(RN)PK] treatments in the un- 
manured series and of [m], [NP + m], [PK + m], and [NPK-f m] in the 
manured series. At the second sampling, with increasing age of the leaves, 
however, the graph for potash of a particular plot in the fall is above that 
of the same plot in the spring with four exceptions : nothing and [ (2N)PKJ 
in the unmanured series, and [NK + m] and [ (RN)PK + m | in the manured 
series; this condition holds for the third sampling also. These relations 
probably indicate that utilization of potash, or demand in relation to supply, 
is less ill the fall than in the spring. 

In the case of the phosphoric acid graphs no consistent relationship is 
apparent between the positions of the graphs of a particular plot in the 
spring and fall. 

The nitrogen graphs in all cases and the potash graphs in all except 
[manure] in the third period in spring and [NK + m] in the fall descend 
with increasing maturity of the leaf. Furthermore, with the exception of 
the potash graphs of those plants that were non-resistant to fusarium wilt, 
[P] and [NP], they are steeper in the spring than in the fall; this indicates 
greater demand relative to supply for nitrogen and potash during the spring 
season. 

On the other hand, the graphs of phosphoric acid ascend, in most cases 
progressively with increasing maturity of the leaf, in both spring and fall 
in every treatment, thus indicating that the supply of this element relative 
to demand of the growing plant is greater irrespective of the season. Since 



THOMAS AND MACK: FOLIAR DIAGNOSIS OF CLIMATIC INFLUENCES 127 

this phenomenon also occurs to a striking degree in the check plot (plot no. 
lOR) which has received no fertilizer and no manure, and, moreover, is at a 


Sampling Periods 

S P S S PSPS PSPS PSPSP 

fSJ/e 3 / Z 31 Z 3 / Z J/ZJf 2 J /2 3/ 2 SI 2 ST 2 S 12 312 3/2 SS 2 S /2 3/2 J /2 3 


eo 

SO 

>40 


^JO\ 
^20 
^TO 







SO 


^4.0\ 
^ SO 


/o\^ 


Tnr 


//mu 

1644 S 46 \ 



1132 632 



2o\J, 


-rrrr 

AT - 
\PgO - 


TTfTT I 



A/*m020) 
12/9 60/ 



P(T 4 U 
433 64.91 



/>i>m(/4& 
\/tSS 556 


f 2 3/2 3/2 S/Z 3 / 
S F S P 




I i| r VI I i| I I 


Without pranurt 
YitUs in 16 $ por Plat 
N/H/ 6 U I A/P/TSU I PPfZOU 
309 702 X 936 6731988 7051 





With nanura 
Yioldo inlb$p 9 rPlct 
\//P^mC/ 6 / 2 ) PpHnOao) PP*m/ 2 a 6 \ 
\lt 79 7 /.S 1205 68 / ,1293 8521 




I -j n I 1.1. i iiiji I ill il.jji I il I ii i-iLi 



I i| \ ri I ij I T| 1 Ml I 




+iH 


//5S 67/ 



I II il. I ll A . ill-i 




/ 2 Q 5 6 a 9 \ 



2 3/2 3/2 312 3 / 2 3/ 2 3/2 3/2 3 / 23 / 23/2 3/2 3/2 3/2 3 
s PSPS PSPSPSPSP 
Sampling Periods 


Fio. 1. Changes during the growth cycle in the content of N, PsOf,, and KgO in the 
fifth leaf in the spring and also in the fall of plants of the manured and unmanured 
series receiving the treatments indicated. Percentage values in terms of the dried 
foliage are the ordinates and dates of sampling are the abscissae. 


relatively high level, one must conclude that this composted soil is able to 
supply phosphoric acid at a relatively rapid rate, especially during the 
spring season. 
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The course of nutrition as indicated by the values of the intensities op 

NUTRITION AND THE COMPOSITION OP THE NPK-UNITS AT THE 
THREE DATES OP SAMPLING 

Comparison of the graphs from each op the treatments under spring 
AND FALL CONDITIONS. The general characteristics. — ^With respect to 



plants of the manured and unmanured series receiving the treatments shown. Percentage 
Talues are the ordinates and dates of sampling are the abscissae. 
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the quantity factor of nutrition ( 4 ), in both the manured and unmanured 
series the intensity resulting from a particular treatment is higher in the 
fall than in the spring (fig. 2). 

Figures 3 to 11 show that the graph of a particular plot is displaced 
higher towards the summit (N = 100 per cent.) of the triangle in the fall 
than in the spring and always during the latter part of the cycle ; with few 
exceptions this holds throughout the cycle. The graph of a particular plot 
is, morever, with two exceptions shorter in the fall. 

Foliar diagnosis studies of field crops have indicated that absorption of 
phosphoric acid increased with increase in temperature. The higher tem- 
peratures prevailing in the greenhouse in the spring afford an explanation 
of the relatively smaller displacement of the locus of the co-ordinate of a 
particular plot from the right base apex (P 20 'i = 100) in the spring than in 
the fall. In the plots which received supplies of nitrogen larger than the 
unit amounts this phenomenon is masked by greater utilization of phos- 
phoric acid brought about by the increase in the nitrogen nutrition. 

The displacement of the graph of a particular plot with respect to the 
left base apex (K 2 O = 100 per cent.) is farther away from this apex during 
most of the cycle in the fall relative to the graph of the same plot in the 
spring. The notable exceptions (as might be expected) are the three treat- 
ments which, in the spring, resulted in diseased conditions — viz,, [N] plot 
no. 12L, [PJ plot no. 14L, and fNPJ plot no. 16L. 

Mechanhm of the action of a particular element in meteorologically dif- 
ferent years or seasons, — In the introduction to this paper it was stated that 
the fact that a fertilizer element resulted in different yields in meteorolog- 
ically different seasons suggested a search for the manner in which a particu- 
lar element acted in different seasons. Keasoning deductively from the 
principles established experimentally by means of the method of foliar diag- 
nosis ( 4 ), we can explore the possible mechanism. 

A particular fertilizer element, if effective, intervenes in the nutrition 
of a plant to effect an increase of this element either: (1) in the magnitude 
(N + P20r, f K 2 O), i.e,, the intensity of nutrition; or (2) in the composition 
of the NPK-unit, i.e,, in the equilibrium between N-P 205 ~K 20 ; or (3) in 
both (1) and (2) simultaneously. Except, therefore, in the case of inhibi- 
tion by the roots, the nutrition with respect to this element will be greater 
in the leaves of plants growing on a plot which received this element than 
in those of a plant growing on a plot that did not. Translating this in terms 
of the positions of the respective co-ordinate points on the eriuilateral tri- 
angle at the first sampling date, we should find that (if for example nitrogen 
is the particular element under consideration) the co-ordinate point of the 
plot treated with nitrogen would be displaced nearer to the summit (N = 
100 per cent.) than that of the untreated plot. 
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After this first sampling, consideration must be given to the respective 
rates of nitrogen nutrition (3), or, translated in terms of trilinear co- 
ordinates, to the direction within the triangle which the respective graphs 
take. 

Two possibilities may occur according to the climatic conditions to which 
the plants are subjected. In the one case, the action of the meteorological 
factors may be such as to cause the element (nitrogen in the case considered) 
to play a major role relative to phosphoric acid and potash; this result 
would be reflected by an ascent of the graph towards the summit of the tri- 
angle with progressive increase in the maturity of the leaf. 

The addition of a fertiliser containing nitrogen, if effective, would act 
to cause a greater increase of nitrogen in the NPK-unit and would be trans- 
lated in the trilinear coordinate graphs in an appropriate manner by a 
displacement towards the summit. 

In the second case, it is possible that the meteorological conditions may 
be such as to cause the element (we are considering nitrogen) in the unfer- 
tilized soil to play a minor role relative to phosphoric acid or potash. This 
would be translated by a progressive descent of the graph, with increasing 
maturity of the leaf, from the summit (N = 100 per cent.) of the triangle. 
In this ease the addition of a fertilizer element (nitrogen in the case con- 
sidered) would act to oppose this descent, but would not necessarily cause a 
reversal nor even operate to nullify the declining tendency completely. 

The action of the fertilizer element would result in producing different 
yields under the two sets of meteorological factors considered ; this action 
would be favorable when the resultant effect is to cause an approach toward 
the optimum relations with respect to this element, and unfavorable when 
the effect is to cause a recession from the optimum. 

We can apply the reasoning of the preceding paragraphs to ascertain 
the influence of the two sets of climatic conditions prevailing in the green- 
house on the role of nitrogen, phosphoric acid, and potash, respectively, in 
the unfertilized (composted) soil. 

The influence of the climatic factors on the role of nitrogen, in both 
spring and fall, in the unfertilized (composted) soil, is such as to cause the 
respective graphs to descend progressively with maturity of the leaf in each 
season. In this respect, then, nitrogen plays a relatively secondary role 
under both climatic conditions, since the rate of supply of nitrogen to the 
plant is insufficient to prevent a rapid descent of the graph from the summit 
of the triangle with increasing age of the leaf in either season (fig. 3). 

The addition of nitrogen fertilizer (plot no. 12L) in the spring has 
caused an increase in the nitrogen value of tjie intensity — ^percentage of 
(N + P 2 O 6 + K 2 O) in the dried foliage — ^throughout the whole cycle; but 
nitrogen additions in the fall have increased this constituent of the inten- 
sity factor only during the latter part of the cycle and feebly even then. 
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The effect of nitrogen additions under spring and fall conditions, respec- 
tiyely, on the changes in the physiological ratios, ie., in the NPK-units, 
with increasing age of the leaf is shown graphically in figures 3 and 4. 


Ptatrco PtotfOL 
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Fig. 3. Changes during the growth cycle in the N-PsCVKaO equilibrium of the 
fifth leaf in the spring and also in the fall of jfiants growing on the manured plot (no. 
lOL) and unmanured plot (no. lOB) receiving no fertilizer. Only a part of the triangle, 
the sides of which equal 100 is shown. 

Under the climatic conditions prevailing during spring, additions of nitro- 
gen have caused a displacement of the graph towards the summit (N = 100 
per cent.) ; as the relative length of the graphs of the unmanured plots lOB 
and 12L in the spring show, the added nitrogen has prevented the rapid 
descent without, however, being able to nullify it. 

The addition of nitrogen in the fall has not affected much change in the 
displacement of the graph from that of the unfertilized plot at this season. 
Hence in the fall, the effect of added nitrogen on the N-P2O5 - K2O equilib- 
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rium is almost nil ; its effect is not sensibly different from the effect of the 
nitrogen of the unfertilized soil acting alone in the fall, as the similarity of 
the forms and positions of the graphs of the unmanured plots no. 12L and 
no. lOR indicate. 

The graphs of the unfertilized plot no. lOR approach progressively 
(with increasing age of the leaf) towards the right base apex (P2O5 = 100 
per cent.) in the fall as well as in the spring; the rate of increase, however, 

/Yrf/PZ PtotlSR 



fifth leaf in the and fall of plants growing? on the manured and unmanured plots 

receiving nitrogen fertilizer (plots no. 12R and no. 12L, respeetively) . 

is less under the former, conditions (fig. 3). The influence, therefore, of the 
climatic conditions prevailing in the greenhouse on the role of phosphoric 
acid of the unfertilized soil is similar in both spring and fall, and acts in 
such a manner as to cause this element to play a major role relative to 
nitrogen and potash. ^ 

The addition of superphosphate (plot no. 14 Ij) has caused a decrease of 
this element in the magnitude intensity (N + P 2 O 5 + KgO) in the spring and, 
except during the early portion of the cycle, in the fall also. 
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The effects of the addition of superphosphate alone, in both the spring 
and fall, on the quota part of this element in the NPK-unit, with increasing 
maturity of the leaf, is remarkably small in consideration of the relatively 
large amounts of superphosphate added (fig. 5). This is shown by the small 
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Fig. 5. Changes during the growth cycle in the N-PaDr.-K^O equilibrium of the 
fifth leaf in the spring and also in the fall of plants growing on the manured and unma- 
nured plots receiving siu)erpho8phate (plots no. 14R and no. 14L, re8i)ectively ) . 


displacement of the graph of 14L towards the right base apex relative to 
that of lOR. Thus at the first sampling date the values of the quota parts of 
phosphoric acid of the unfertilized plot and that of the plot which received 
superphosphate differ only by 1.09 and 0.26 units, in spring and fall, respec- 
tively. Under fall conditions the graph of the phosphate plot is much 
shorter relative to that of the unfertilized soil, indicating relatively lower 
utilization. 

There is no plot receiving only potash in this experiment. Inasmuch as 
the reciprocal effects between potassium and phosphorus are, in general, not 
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large (2), the [PK] plot (no. 20R) can be used to examine the effects of 
meteorological conditions on the action of the element potash. 

The graphs of the unfertilized plot (no. lOR) show that during both 
spring and fall the changes in the displacements of the NPK-units with in- 
creasing age of the leaf are small (fig. 3). In both seasons the graphs move 
progressively away from the left base apex (K 2 O = 100 per cent.) with 
increasing age of the leaf. 

The addition of potash (plot 20R) has caused an increase in the value of 
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Fig. 6. Changes during the growth cycle in the N-PaOn-KaO equilibrium of the 
fifth leaf in the spring and also in the fall of plants growing on the manured and unma- 
nured plots receiving nitrogen and superphosphate (plots no. 16B and no. 16L, respec* 
tively) . 

this element in the magnitude intensity (N-f P 2 OG + K 2 O) throughout the 
whole cycle in both seasons, and also has produced a marked displacement 
towards the left base apex (K 20 = 1(K) per cent.) of the graph of the plot 
which received potash (fig. 8), relative to that of the unfertilized plot (fig. 
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3). The addition of potash, however, has not been sufficient to nullify the 
decline with increasing age of the leaf in the quota part of this element. 

The mean value of the intensities of nutrition and of the NPK-units re- 
sulting from each treatment under spring and fall conditions, respectively, 
— The mean of the values, at the three sampling dates, of the intensities and 
of the NPK-units, respectively, for each treatment represents the resultant 
of the values during the growth cycle, and, consequently, simplifies consid- 
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Fict. 7. Cliangos during the growth cycle in the N-PA-K^O equilibrium of the 
fifth leaf in the sjjring and fali of plants growing on the manured and unmanured plots 
receiving nitrogen plus potash (plots no, 18R and no, ISL, respectively). 


eratiou of the relation.ship of the effects of the treatments under the two 
seasonal influences. 

The mean values of the intensities are given in the fourth column of 
table III and the mean NPK-units in the fifth column; the latter are shown 
graphically in figures 12 and 13 by means of a point which represents the 
center of gravity of the corresponding detailed diagrams (figs, 3-11). 
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TABLE III 

The relation of the mean intensity and mean NPK-iinit of the fifth leaf in the 

SPRING AND FALL TO YIELDS OF PLANTS RECEIVING THE TREATMENTS 
INDICATED WITHOUT M\NURE 


— 

- 

- 

Mean 

Mean NPK-ttnit 

Yield 

Season 

Plot 

Treatment 

INTEN- 

- — - 

~ 

- 

OF FRUIT 




RITY 

N 


KaO 

IN POUNDS 

Spring 

FaU 

lOE 

nothing 

6.42 

6.61 

62.20 

72.52 

32.06 

22.18 

5.74 

5.30 

88.1 

54.7 

Spring 

Fall 

12L 

N 

5.89 

7.21 

72.71 

73.05 

21.02 I 

20.59 

6.27 

6.36 

64.4 

54.6 

Spring 

Fall 

14L 

P 

5.79 ! 

7.13 

61.07 

73.17 

33.92 

19.45 

5.01 

7.38 

43.3 

64.9 

Spring 

Fall 

16L 

NP 

5.79 

7.22 

67.40 

76.07 

27.37 

15.73 

5.23 

8.20 

30.9 

70.2 

Spring 

Fall 

18L 

NK 

5.86 

7.21 

74.94 

76.36 

16.80 

16.21 

8.26 

7.43 

95.6 

67.3 

Spring 

Fall 

20L 

PK 

5.71 

7.78 

61.95 

70.72 

27.20 

18.86 

10.84 

10.42 

98.8 

70.5 

Spring 

Fall 

2E 

NPK 

6.10 

7.21 

71.04 

73.03 

21.20 

18.63 

7.75 

8.34 

113.8 

65.1 

Spring 

Fall 

4R 

(2N)PK 

6.46 

7.04 

71.58 

75.54 

20.96 

17.92 

7.46 

6.54 

107.3 

62.3 

Spring 

Fall 

8R 

(RN)PK 

6.77 

7.20 

75.37 

75.02 

16.59 

17.77 

8.04 
^ 7.21 

104.5 

62.6 


TABLE lll—iConcUded) 


The RELATION OF THE MEAN INTENSITY AND MEAN NPK-UNIT OF THE FIFTH LEAF IN THE 
SPRING AND FALL TO YIELDS OF PLANTS RECEIVING THE TREATMENTS 
INDICATED WITH MANURE 


Season 

Plot 

Treatment 

Mean 

INTEN- 

SITY 

Mean NPK-unit 

Yield 

N 

P.O5 

K2O 

IN POUNDS 

Spring 

Fall 

lOL 

manure 

7.17 

8.43 

62.58 

70.03 

21.66 

17.13 

15.76 

12.84 

113.2 

63.2 

Spring 

FaU 

12K 

N 4 manure 

7.64 

8.56 

69.92 

71.29 

16.31 

15.64 

13.77 

13.07 

121.9 

60.1 

Spring 

Fall 

14B 

P + manure 

6.58 

9.20 

63.81 

70.56 

21.13 

15.54 

15.06 

13.90 

113.5 

53.6 

Spring 

FaU 

16R 

NP + manure 

7.36 

8.95 

67.24 

69.79 

18.53 

16.14 

14.23 

14.07 

117.9 

71.3 

Spring 

FaU 

18R 

NK + manure 

7.94 

8.70 

68.33 

69.97 

18.00 

16.37 

13.67 

13.66 

120.5 

68.1 

Spring 

Fall 

20R 

PK + manure 

7.85 

9.02 

62.26 

67.56 

20.27 
16.89 j 

17.47 

15.86 

129.3 

85.2 

Spring 

Fall 

2L 

NPK + mantdte 

7.54 

8.88 

68.40 

70.39 

14.21 

14.61 

17.39 

15.00 

121.8 

60.7 

Spring j 
Fall 

4L 

(2N)PK-f manure 

7.34 

8.34 

69.98 

71.04 

16.38 

15.72 

13.64 

13.24 

115.5 

67.1 

Spring 

Fall 

8L 

‘(RN)PK + manure 

7.83 

8.59 

71.22 

72.55 

13.89 

15.52 

14.89 

11.93 

120.5 

60.9 
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The resultant intensity of a particular plot is higher in the fall season 
than in the spring in both the manured and the unmanured series, respec- 
tively. 

The quota for nitrogen in the NPK-unit is higher in every case in the 
fall than in the spring, and that for phosphoric acid and potash lower with 
a few exceptions. In the case of potash the deviation is explicable as the 


PioteoL magoa 
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Fjg. 8. Cliajiges during the growth cycle in the N-PPo-KsO equilibrium of the fifth 
leaf in the spring and fall of plants growing on the manured and unmanured plots re- 
ceiving ])hosphate and potash (plots no. 20B and no. 20L, respectively). 

result of diseased conditions of the plants from the [N], [P], and [NP] 
treated plots in the sj)ring (11, 12). 

H elation of posiiiom on the triangle to yieldft under spring and fall con- 
ditions. The higher yields in the spring season from a particular treatment 

are associated in the manured series with a displacement of a co-ordinate 
point in the spring relative to that in the fall further away from the summit 
of the triangle (N = 100 per cent.), further towards the left base apex 
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(K20 = 100 per cent.), and (except in two cases) further towards the right 
base apex also (P2OB = 100 per cent. ) . 

In the unmanured series in those plots in which the yield of fruit was 
higher in the spring season than in the fall the displacement of a co-ordinate 
point in the spring relative to that of the corresponding co-ordinate point 
in the fall is further away from the summit (N = 100 per cent.), further 
towards the right base apex (P2O5 = 100 per cent.) and further towards the 
left base apex (£2© = 100 per cent). 


Plat2R Plot 2 L 
NPK NPKrn 



Pig. 9. Changes during the growth cycle in the N-PjOr-K/) equilibrium of the fifth 
leaf in the spring and fall of plants growing on the manured and unmanured plots rectuv- 
ing nitrogen, phosphate, and potash (plots no. 2L and no. 2B, respectively). 


In the two plots in the unmanured series in which a given treatment re- 
sulted in a lower yield in the spring than in the fall, namely plots [P] no. 
14L and [NP] no. 16L, the lower yield obtained in the spring season is asso- 
ciated witl| a displacement of the coordinate point in the spring relative to 
that in the fall away from the summit of the triangle (=100 per cent.) 
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further towards the right base apex (P2O5 = 100 per cent.) and further away 
from the left base apex (K2O = 100 per cent.) 

Summary 

Tomatoes were grown in the spring and fall, respectively, of the year 
1938 under the environmental conditions prevailing in a greenhouse. 

Plot4Q Pia4L 



Fig. 10. Changes during the growth cycle in the N-PA.-K^jO equilibrium of the 
fifth leaf in the spring and fall of plants growing on the manured and unmanured plots 
receiving twice the unit amount of nitrogen plus phosphate and potash (plots no. 4L and 
no. 4B, r(*spectively ) . 

The fertilizer treatments in each season consisted of two series: one with 
manure dressings and the other without. Both series received commercial 
fertilizer amendments consisting of a single element on certain plots and 
combinations of two and also of all three elements nitrogen, phosphoric acid, 
and potash on others. 

In the manured series the yield of a particular plot in the spring was in 
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most eases twice that of the same plot in the fall. And, except in the case of 
plots receiving the treatments (1) phosphate alone and (2) phosphate plus 
nitrate without potash (on which the plants growing in the spring w'ere non- 
resistant to an attack of fusarium wilt of tomato) the yields of the unma- 
nured series were also greater in the spring than those of the same plots, 
respectively, in the fall. 

Plot 8 Q PlotSL 



Fig. 13. Changes during the growth cycle in the N-PaOs-KyO equilibrium of the 
fifth leaf in the spring and fall of plants growing on the manured and unmanured plots 
receiving biweekly additions of nitrogen together with phosphate and potash (plots no. 8L 
and no. 8R, respectively). 

The foliar diagnosis of the fifth leaf from the base shows the following 
characteristics, the significance of which is discussed. 

The intensity of nutrition resulting from a given treatment is always 
higher in both series in the fall. 

The quota of bo|h nitrogen and potash m the NPK-unit (N-P206-K20 
equilibrium) decreltises progressively with increasing age of the leaf in both 
series diM^ing both "spring and fall. The value (quota part) for nitrogen 
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for a particular plot is higher and that for potash is lower during most of 
the cycle in the fall than in the spring. 

The quota of phosphoric acid in the NPK-unit increases progressively 
with increasing maturity of the leaf in both series during both seasons. 
With exceptions noted, the value (quota part) for phosphoric acid in the 
NPK-unit for a given plot is less in the fall than in the spring during the 
latter part of the cycle. 



Fig. 12. Bt‘lative i)osition8 of the mean NFK -units of the fifth leaf in the spring 
and fall respectively of jdants growing on the plots indicated (unmanured series). 


The mechanisin of the action of a particular fertilizer element in dif- 
ferent (meteorological) years or seasons is deduced in terms of the estab- 
lished concepts of foliar diagnosis, and is applied in the present experiment 
to the examination of the effect of the meteorological conditions prevailing 
during the spring and fall seasons, respectively, on the role of nitrogen, 
phosphoric acid, and potash in the unfertilized soil. 
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Whereas, in the spring, the addition of nitrogen has caused an increase of 
this element in the value of the intensity of nutrition; under fall conditions, 
the increase occurs only during the latter part of the cycle and is feeble even 
then. The addition of potash has produced a marked increase in the value 
of this element in the magnitude intensity in both spring and fall. The ad- 


^ 

^ SO 



Fig, 13. Eelativo positions of the mean NPK-units of the fifth leaf in the spring 
and in the fall respectively of plants growing on the plots indicated (manured series). 


dition of phosphoric acid, on the other hand, has led to a decrease of this 
element in the magnitude intensity during the latter part of the cycle in 
both seasons. 

Compared with the plants growing on the unfertilized plot the addition 
of nitrogen has caused a marked increase Hn the quota of nitrogen in the 
NPK-unit in the spring but has little effect in the fall. Potash additions 
also have caused a marked increase in the quota of this element in the NPK- 
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unit in both spring and fall ; but the addition of phosphoric acid has had 
relatively small effect. 

The higher yields of a given treatment in the spring compared with that 
from the same plot in the fall are associated with a lower value for the quota 
of nitrogen and also for phosphoric acid in the composite NPK-unit, and a 
higher value for potash. 

The Pennsylvania AoRKnu.TURAL Experiment Station 
State College, Pennsylvania 
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EFFECT OF THE FORM OF THE AVAILABLE NITROGEN ON THE 
CALCIUM DEFICIENCY SYMPTOMS IN THE BEAN PLANT 

John 8kok 
(with thrke figures) 

Introduction 

Calcium has been found to be one of the most important mineral ele- 
ments needed for normal plant growth. In its absence plants exhibit very 
severe deficiency symptoms usually very early and if calcium is withheld 
further, death always results. Nightingale ct. ah (7) made a detailed 
study of the responses of the tomato plant to calcium deficiency. The reason 
that calcium deficiency has a more severe effect on a plant than the deficiency 
of almost any other single element is probably in part because calcium has 
been found to have many functions in growth and development. These 
various roles of calcium will not be discussed here, with the exception 
of one : the effect of calcium on nitrogen metabolism, as it is directly con- 
cerned with this report. 

After Eckerson (2) devised a method for measuring reductase activity, 
the plant ’s capacity to reduce nitrates to nitrites, which is the first phase of 
protein synthesis, she later studied the conditions which affect nitrate reduc- 
tion and found calcium among other things to be essential (3). Other 
workers have also found that calcium malnutrition impairs normal nitrogen 
metabolism. Burrell (1) found soybeans grown without calcium to accumu- 
late nitrates in the leaves, and to have a much smaller amount of insoluble 
and amino acid nitrogen than plants grown with calcium; he believes this 
condition is brought about by reduced nitrate reduction. Ginsburg and 
SnrvE (6) on the other hand, also working with the soybean believe that 
calcium has no effect ou the protein content. Hibbard and Grigsby (6) 
found calcium-deficient peas to contain smaller amounts of protein than the 
control plants but believe this is caused by the general disturbance of the 
plants rather than by the lack of any particular element. Presenting 
calcium and nitrogen analyses of a large number of plants Parker and 
Truog (8) found a very close correlation between the calcium and nitrogen 
content. 

If minus calcium plants lose their capacity to reduce nitrates and syn- 
thesize proteins, they are essentially minus nitrogen as well as minus calcium. 
The typical calcium deficiency symptoms then must be caused by both of 
these factors. 

The question as to just what symptoms would develop with calcium 
deficiency if nitrate reduction were made unnecessary, prompted these 

14S 
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experiments in which a reduced form of nitrogen was supplied to the 
plants, and compared to those receiving oxidized nitrogen. 

Materials and methods 

The plant used in this study was the Dwarf Ked Kidney bean, Phaseolus 
vulgaris. The seeds were planted in flats of unused quartz sand receiving 
only distilled water and allowed to germinate and grow in the greenhouse. 
After about 7 days plants of uniform size were transplanted to 1.5-liter 
glazed earthenware pots filled with unused quartz sand. The holes in the 
center of the pots were covered with small amounts of glass wool to insure 
good drainage, and to keep the sand from washing through. Two plants 
were planted in each pot. One day after transplanting (8 to 9 days after 
planting the seeds) the plants received the first application of nutrients, 
and every second day thereafter. Merck’s reagent quality chemicals were 
used for all solutions. The reduced forms of nitrogen used in the first pre- 
liminary experiments were urea, and ammonia in the form of NH^CL 
Ammonia proved to be very toxic to the bean plant, causing severe burning 
of the leaves and eventual death. This symptom was clearly evident within a 
week after the first application. Concentrations of NH4CI from 0.015 to 
0.0045 M were tested, and the nutrient solutions were run at pH 4.7 and 
6.0. Since all of these solutions containing ammonia proved to be very 
toxic, the remainder of the experiments were devoted to the use of urea as 
compared to NO^ nitrogen. 

Only a few references can be found in the literature concerning the 
use of urea in growing plants. Pirschle (9) grew several different 
plants in water culture supplying urea to some and expresses the opinion 
that urea can be changed to ammonia inside the plant independently of 
bacterial action. Yamaguchi (10) grew corn seedlings in sterile culture 
with urea as a source of nitrogen. He reports that urea was absorbed 
and was a readily available source of nitrogen for plant growth. 

The following groups of plants were grown in each experiment: (1) 
+ Ca, +NO.; (2) -Ca, h NO,; (3) +Ca, CO(NH2)2; and (4) -Ca, 
+ C0(NH2)2- Twenty-eight to 30 plants were grown under each nutrient in 
each experiment. The minus-calcium plants received no calcium whatsoever 
at any time during their growth. 

Various concentrations of the salts making up the nutrient solutions 
were tried and one bf the more dilute ones was finally chosen. An attempt 
was made to keep tito MgS04 and KH2PO4 rather low so that they would 
not become excessively toxic in the absence of calcium and over-emphasize 
the true calcium deficiency symptoms and yeH not have them too low to be 
limiting for best growth. Gauch ( 4 ) found magnesium to be very toxic in 
the absence of calcium, and by lowering it considerably the - Ca plants were 
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able to live longer, take up more NOj and other minerals and synthesize 
more materials including nitrogen compounds. 

The composition of the nutrient solutions used is given in table I. 


TABLE I 

Composition op nutrient solutions* 


Solution 

Reaction 

or SOLU- 
TION 

Molar concentration 

CaCNOOa 

NaNO, 

COCNHs)^ 

CaCla 

KH^PO* 

MgSO* 

+ Ca 
+ NO, 

pH 

4.7 

0.0045 




0.0025 

0.001 

-Ca 
+ NO, 

4.7 


0.0045 



0.0025 

0.001 

+ Ca 

+ C0(NH2)2 

4.9 



0.0045 

0.0045 

0.0025 

0.001 

- Ca 

^ CO(NH,), 

5.1 



0.0045 


0.0025 

0.001 


* All solutiuim also eontaiii the following mieio nutneiits: 0.5 p.p.m. B as 0.5 

p.p.in. Fe as ferric citrate; 0.5 p.ji.m. Mn as MnCh; 0.5 p.p.m. Zn as ZnClj; and 0.125 
p p.ni. Cu as CuCl.. 


Experimentation 

The experimental data here presented consists of a report of but 
two experiments, as the preliminary experiments conducted gave essentially 
the same results. 

Experiment I was started in June, 1939, and the plants were harvested 30 
days after planting, about the time flower buds began to appear. Experi- 
ment II was set up in September, 1939, and the plants were allowed to grow 
to maturity, 52 days after planting. Wet and dry weights were taken 
of all plants, and photographs were taken of the plants in experiment II 
at the time of maturity and at the age of 30 days. Notes were kept on the 
appearance of the plants in the course of the experiment. No chemical 
analyses were made at this time. 

Experiment I. — ^About 15 days after time of planting, the -Ca, sNO, 
plants showed definite symptoms. The plants were 12 to 15 cm. tall and 
had less leaves than the i Oa plants. The old leaves were dark and the 
young leaves very chlorotic at this time. The -i Ca, sNO^ plants were 
15 to 20 cm. tall, had more and larger leaves than the former group, and 
were grass green in color. The + Ca, ^ COCNHOz plants were 12 to 15 cm. 
tall, and were darker green in color than the + Ca, + NO, group. They 
had also fewer new leaves than this latter group ; some of the older leaves 
were slightly yellow, and in some cases very slightly burned at the 
margins only. The - Ca, i CO(NH 2)2 plants at this time were 12 to 15 cm. 
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tall, had fewer leaves than the + Ca, + NO 3 group, and the new leaves were 
a little smaller. The plants on the whole had a very good appearance and 
were exceptionally dark green. They had the darkest green color of the 
entire group. The new leaves also were very dark green (the new leaves are 
usually lighter than the old leaves). There was no burning of leaves nor 
injury of any kind at this time. The contrast of this group with the 
- Ca, + NO 3 group was very striking. 

Fifteen days later (30 days after planting) this series of plants was 
harvested. At this time flower buds had formed on all plants except the 
-Ca, 4 NO3 group. The i Ca, + NO3 plants were very vigorous, green 
and had a good development of roots which were yellowish brown in color. 
The -Ca, -fNOa plants showed considerable injury. They were very 
chlorotic and the tips were completely dead. The roots were poorly de* 
veloped and had a dark brown color. The epidermis was loose and had been 
lost from most of the roots. The 4 Ca, 4C0(NH2)2 plants were smaller 
than the 4 Ca, 4-NO3 plants and not as vigorous. The leaves were paler 
green in color and some of the lower leaves were chlorotic. The roots 
were fairly well developed and very light in color, in fact the lightest of 
all four groups. The - Ca, 4C0(NH2)2 plants were still dark green in 
color, although the lower leaves were somewhat burned and their tips 
beginning to die. The upper parts of the plants were in very good condi- 
tion with no injury to the growing tips. The roots were fairly well de- 
veloped and had a yellowish brown color and no loose epidermis. They 
were lighter in color than those of the 4 Ca, 4 NO3 group and slightly darker 
than the 4 Ca, 4 CO(NH 2)2 group. The appearance of both the top portion 
and the roots of the - Ca, ^ CO(NH 2)2 group was decidely not characteristic 
of the usual - Ca symptoms. 

Data on the plants of experiment I are presented in table II. 

Experiment II. — The plants in this experiment were grown under the 
same conditions as those in experiment I, but they were grown to maturity. 
The following description applies to plants at 19 days of age. The 4 Ca, 
4NOi plants were 25 to 27 cm. tall, with large green leaves. The new 
leaves were lighter than the old leaves. The 4 Ca, 4 CO(NH 2)2 plants were 
23 to 26 cm. tall and were about like those in the former group except that 
the new leaves were not lighter than the old leaves. The - Ca, 4 NO 3 plants 
were 21 to 27 cm. tall, and the upper leaves were rather pale (paler than 
those of the 4 Ca, -( NOs group) and some had grayish spots. The plants 
in general were almo^ as tall as the 4 Ca, 4 NO3 group but were not as 
vigorous and had not attained as much growth. The - Ca, 4C0(NH2)2 
group was 24 to 27 cm. tall and very good in Hppearance. The plants had a 
dark green color ; none of the leaves, including the new leaves, were light. 
The leaves were slightly smaller than those of the 4 Ca, 4 NOs group, but 
otherwise growth was about equal in both groups. 
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Thirteen days later (31 days after planting) photographs were taken 
of the plants in this experiment which are shown in figure 1 . 

Following is a description of the plants at this date. The + Ca, + NO 3 
plants were 40 to 60 cm. tall, had large green leaves, and many flower buds. 
The -f Ca, + CO(NH 2)2 plants were 40 to 50 cm. tall, and the leaves were 
smaller than those of the preceeding group. The leaves were also decidedly 
mottled, somewhat resembling either iron or magnesium deficiency. Many 
flower buds were present. The - Ca, + NO3 plants were 25 to 30 cm. tall 
and very poorly developed. The upper leaves were yellow, with gray and 
brown necrotic spots. All the leaves were small and a few poorly developed 
flower buds were present The - Ca, +CO(NH 2)2 plants were 30 to 45 
cm. tall and their general appearance was rather good. Their color was 
still fairly dark green and many flower buds were present. Some leaves, 
however, at this time had become mottled with very small yellowish, grayish, 
to brownish spots. The veins, particularly, of some leaves were becoming 
discolored. The stems of some plants also showed small brown spots. 
Many of the younger leaves showed their first injury and discoloration at the 
veins and pulvinus region. This response was also observed by Gauch ( 4 ). 
Most of the flower buds were rather well developed. 

Pour days later (35 days after planting) the - Ca symptoms of the - Ca, 
+ C 0 (NH 2)2 plants, although much delayed as compared to that of the 
-Ca, +NO 3 plants, were becoming very evident and rather severe. The 
growing tips of a few plants were dead or dying and several of the leaves 
had become pale and developed grayish or brownish spots. The plants, how- 
ever, were still rather green with many uninjured flowers and in decidedly 
better condition than the - Ca, +NO 3 plants. 

Nine days later (44 days after planting) the following observations were 
made: The + Ca, -f NO 3 plants had all set fruit, and were in good condition. 
The + Ca, f CO(NH 2)2 plants had by this time developed very mottled and 
chlorotic leaves but the plants otherwise were fairly sturdy in appearance 
and were bearing fruit in about the same abundance as the plants in the 
-I Ca, 4 NO 3 group. The upper portions of the - Ca, +NO 3 plants were all 
dead at this time and all their leaves were rather chlorotic. Some of the 
plants had flowered but none produced fruit. The - Ca, + CO (NH 2 ) 2 plants 
were in a much less severe condition. The very uppermost portion of the 
tips of slightly over' half of the plants in this group were dead and the 
upper leaves were yellowed, some having grayish brown spots. The other 
leaves still had a rather dark green color, even though some of these same 
leaves had small spots. All the plants of this group had flowered, and several 
were bearing fruit, 

Bight days later (52 days after planting) , these plants were harvested. 
Photographs were again taken at this time and are shown in figure 2. 
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Pia. 1. Experiment II Plants at 31 days. 
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Fig a* !EBxperiment II. Plants at maturity (52 days). 
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A brief description of the plants at this date follows : The + Ca, +NO3 plants 
were about 60 cm. tall, had large leaves and bore many beans on each 
plant. The roots were well developed, and light brown in color. The 
leaves of the +Ca, 1 CO(NH2)2 plants were very chlorotic and smaller 
than those in the preceding group, and most of the lower leaves were 
dead. All of the plants produced fruit. The roots were well developed, 
and yellowish brown in color. They were just slightly lighter in color 
than those of the -1 Ca, f NOj plants. The ~ Ca, i NO3 plants were very 
badly injured. The tops of all plants were dead and all the leaves, even 
the lowermost, were partially injured. None of the plants produced fruit. 
The roots were very i)oorly developed, and dark brown in color. The 
epidermis of the roots was loose, giving the roots a slimy texture. The base 
of the stem (lower hypocotyl) was also dark brown and necrotic. The - Ca, 
-f C0(NH2)2 plants were much larger and in not nearly as severe condition 
as those deficient in calcium but receiving nitrate. The leaves had spots 
showing injury, but they still retained their dark, almost blue-green color. 
The tips of almost half the plants were still living. Fruit was produced by 
25 per cent, of the plants in this group (8 out of 32 plants). The fruit was 
small in most cases (largest bean pod produced was 7 cm. long) and few per 
plant, but not entirely absent as in the case of the - Ca, + NO3 plants. 
The roots were fairly well developed. There was considerably better growth 
than that produced b}" the - Ca, f NO, plants, but less than that produced by 
either of the ^ Ca groups. They were darker in color than those of the + Ca 
plants but considerably lighter than those of the - Ca, 1- NO3 plants. The 
epidermis seemed in good condition and no slimy texture was evident. 
There were no necrotic areas at the base of the stem. 

Table III contains the data of experiment IT. 

Discussion 

From the results obtained in these experiments two things are evident: 
( 1 ) Under normal conditions including the presence of calcium, urea is 
not as good a source of nitrogen as is the nitrate form for growth of the 
bean plant. ( 2 ) In the absence of calcium much better growth is made 
by the bean plant with urea than with nitrates. 

It was not determined what factors were responsible in producing poorer 
growth with urea in tlie presence of calcium than with nitrate The reac- 
tions of the two solutions did not differ greatly, as is recorded in table I. 
The form of the available nitrogen, however, has a very pronounced effect on 
the calcium deficiency symptoms. With urea, the calcium deficiency symp- 
toms are much delayed and when they become evident they are very much 
less severe. The weights of the - Ca, iCO(NH2)2 plants were about 60 per 
cent, greater than those of the - Ca, 4 NO, plants. The former plants pro- 



TABLE III 



* Fruit not included, 
t Fruit included. 
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duced fruit while the latter did not. Flowering and fruiting is very strik- 
ing for a ininus-calcium plant. Equally striking was the good condition of 
the roots in the calcium deficient plants receiving urea. 

These experiments then may be considered as additional evidence that 
calcium has an important function in the utilization of nitrogen. The 
evidence is in agreement with Eckerson^s findings that calcium deficient 
plants have a lowered reductase activity since the calcium deficient plants 
receiving urea, which is a reduced form of nitrogen, make much better 
growth than do those receiving nitrates. The calcium-deficiency symptoms 
of the plants receiving urea, then, are really truer symptoms which can be 
directly assigned to the lack of calcium. 

Since other elements, namely potassium, phosphorus, and sulphur, were 
also found to be necessary for normal reductase activity by Eckerson (3), 
it may be entirely possibly that their deficiency symptoms may also be les- 
sened in severity with the use of urea. 

Calcium, of course, is also a building element and therefore cannot be 
eliminated entirely and still retain good growth. From evidence of an 
early preliminary experiment it seems that plants re(*eiving urea may be able 
to carry on good growth with only small amounts of calcium. The plants 
in this i)reliminary experiment were grown in used sand which evidently 
contained small amounts of calcium, (the actual amount being unknown). 
The -Ca, 4-CO(NH2)2 plants grown to maturity produced almost as much 
fruit as the h Ca, -i NOj plants. This fact together with the results obtained 
in experiments 1 and IT points to the possibility that with urea the usual 
amount of calcium used may be in excess and it may be the factor which 
causes poorer growth with a i Ca, 4 CO(NH2)2 solution than with a 4-Ca, 



Pig. 3. Plants grown in used sand at 39 days. 
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+ NO3 solution. The plants shown in figure 3 were grown in used sand. 
They were photographed 39 days after planting. When they were 45 days 
old, the “Ca, +CO(NH 2)2 plants had produced 25 per cent, more total 
growth than the +Ca, +CO(NH 2)2 plants. At maturity (53 days after 
planting) those receiving no calcium had produced 2.7 times as much fruit 
as those to which calcium had been added. 

More conclusive experiments are needed to elucidate the relationship 
of calcium to nitrogen metabolism. The minimum amount of calcium 
required for normal growth with nitrate and with urea should be known. 
The determination of the reductase activity of plus- and minus-calcium 
plants grown with urea and with nitrate might throw some light upon 
its relation to protein synthesis in the two different nitrogen series. De- 
terminations of assimilated nitrogen also should be made for actual com- 
parisons of protein synthesis. Finally, histological examinations would 
show the condition of the cell wall in each group and aid in determining the 
minimum amount of calcium needed for normal cell wall development. 

Summary 

1. Calcium is known to be one of the most important mineral elements 
needed for normal plant growth. Among other things it is closely associated 
with nitrogen metabolism. Eckerson found that it is needed for normal 
nitrate reduction in the synthesis of proteins. In these experiments the 
bean plant was grown with and without calcium using nitrate nitrogen and 
urea, a reduced form of nitrogen. 

2. With calcium present nitrate nitrogen produced better growth than 
urea. 

3. In the absence of calcium much better growth was made with urea 
than with nitrates. With urea the calcium deficiency symptoms were much 
delayed, and when they became evident they were very much less severe. 

4. The calcium-deficient urea plants produced about 60 per cent, more 
growth than the calcium-deficient nitrate plants and all of them flowered. 
Twenty-five per cent, of the calcium-deficient urea plants produced fruit, 
whereas none of the calcium-deficient nitrate plants produced fruit, and 
only a few flowered. The roots of the calcium-deficient urea plants did not 
exhibit the usual calcjum-deficiency symptoms and they produced twice as 
much growth as those of the calcium-deficient nitrate plants. 

The writer wishes to express his sincere thanks and appreciation to 
Professor C. A. Shull for his interest and valuable suggestions made during 
the course of this work. ’ ' 


Univiirsity or Chicago 
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BOOT MODIFICATIONS INDUCED IN VICIA FABA BY 
IRRADIATING DRY SEEDS WITH SOFT X-RAYS 

G. F. Smith and H. Kersten 
(with ten figures) 

Introduction 

In a recent paper concerned with plants grown from dry or nnsoaked 
seeds which had been irradiated with soft x-rays, Long and Kersten (1), 
described the occurrence of structural changes in the leaf tissue. Similar 
results had previously been reported by Noguchi (2), who used germinated 
seeds and x-rays of a shorter wavelength. This paper is a continuation of 
the study of plants germinated from unsoaked seeds which had been irradi- 
ated with soft x-rays; it describes some modifications which occur in the 
structure and development of their roots. 

Methods 

The radiation was produced by the same apparatus as that used by Long 
and Kersten (1). It has an approximate intensity-wavelength curve as 
shown in the upper part of figure 1, and a position in the electromagnetic 
spectrum as indicated by the arrow in the lower part of figure 1. 
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Fio. 1. Upper part: Approximate intensity- wavelength curve for the radiation used. 
Lower part: General electromagnetic spectrum, with the position of the soft x-rays used, 
indicated by the arrow. 
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Unsoaked seeds of Vicia fdba (Burpee’s bush Lima beans) were irradi- 
ated by arranging them with their hilum sides 8 cm, from the focal spot 
of the x-ray tube. Preliminary tests were made to determine a dose of 
radiation which would produce pronounced root modifications. The treat- 
ment selected was one which, after an interval of growth, resulted in the 
phenomenon of ^‘delayed killing” described by Maxwell and Kempton 
(3). This employed an exposure of 20 minutes while the tube was operated 
at 30 peak 'kv, and 10 ma. The irradiated seeds, with control seeds which 
had not been irradiated, were germinated in moist peat moss at 85® P. Ex- 
ternal developments were observed for 8 days, at the end of which time 
material was prepared for microscopical examination. The following ob- 
servations, which were made with plants germinated from January 29th to 
February 6th, using seeds grown during the season of 1939, are in accord 
with identical experiments carried out during a 3-month period in the fall 
of 1939. 



Fig. 2. A normal seedhng of Vicia faha, and One grown fiom x irradiated seed. 
Each seedling is 8 days old. The inset shows an enlarged view of a typical root grown 
from an irradiated seed. 
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Gross observations 

During the first several days of growth there appear to be no external 
differences between control and irradiated seeds. The radicles appear at 
about the same time and continue development at a similar rate for several 
days. The group germinated from the irradiated seeds later shows a de- 
creased root length, a poor development of the root tip, and the complete 
absence of lateral roots. By the eighth (Vdy, the condition of arrested de- 
velopment appears in tlie roots of the rayed group. At this time the average 
length of the primary root of the control plant, including the hypocotyl, is ap- 
proximately 120 mm., and that of the rayed is approximately 44 mm. (fig. 2) . 

The inset in figure 2 shows an enlarged view of a typical root of the latter. 
The bulbous increase in diameter represents the beginning of the hypocotyl 
which occurs approximately 70 mm. from the tip. 

An additional x-irradiation effect is seen when germinating control seed- 
lings, and seedlings grown from x-irradiated seeds, (with combined growth 
of radicals and hypocotyl s 12 to 15 mm.) are marked in mm. lengths. Ob- 
servations 12 hours after marking show the results illustrated in figure 3. 



Fig. 3. Elongation in the primary root and the hypocotyl regions of a control plant, 
left, and in one germinated from an x-irradiated seed, right. 

In the rayed group elongation does not occur within the first originally 
marked mm. of the primaiy root, as in the control. This suggests an inacti- 
vation of the root tip meristem soon after the radical appears. It is also 
seen that the elongation of the control hypocotyl is considerably greater 
than that of the germinating irradiated seed. 

Microscopical observations 

Material for a microscopical examination w^as collected from a great 
number of primary roots of germinating seeds which had been irradiated 
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Pig. 4. Longitudinal sections of primary root tips of a normal seedling of Vicia 
faba, right, and one which had been germinated from an x irradiated seed. Generative 
meristem, A; elongation, B; vascular cells, C. The numbers at the left show the dis- 
tances from the tip in microns, x about 200. 
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while uusoaked. This was done 8 days after irradiation when the arrested 
growth character became evident in the roots. Comparative studies were 
made with the primary roots of control plants of the same age. ParafiSn 
sections were made and stained with iron-alum haematoxylin and gentian 
violet. 

Examination of the root tip tissues shows many modifications in the case 
of plants germinated from the x-irradiated seeds as compared with the 
primary roots of control plants (fig. 4) . In seedlings grown from the x-ir- 
radiated seeds, the root meristem begins approximately 0.63 mm. from the 
root tip, while in the primary root of the control, the meristem is approxi- 
mately 0.225 mm. from the tip. In the root tip of a plant grown from an 
x-irradiated seed, vascular cells appear approximately 0.70 mm. from the 
tip, while in the primary roots of the control plants, the first vascular cells 
occur approximately 3.25 mm. from the root tip. In the rayed group, an 
obviously peculiar situation is found in the first vascular cells. In many 
cases these cells possess a typically scalariform type of wall thickening ; in 
others, the reticulate type may occur. This is a modification of the normal 
condition in Yicia faha, where the annular and spiral vascular elements ex- 
tend for a considerable distance before the scalariform and the reticulate 
vessels of the metaxylem appear. 

Elongation of the cells derived from the root tip meristem, as in the 
elongation region of normal roots, is but slightly indicated in the roots of 
seedlings grown from the x-irradiated seeds. In the latter, some suggestion 
of inc'reased cell size has been observed approximately 0.675 mm. from the 



Pig. 5. Diagram of tissue devcloi>nients in root tips of control seedlings and in those 
germinated from x-irradiated seeds. 



164 


PLANT PHYSIOLOGY 


tip, while in the controls, cell elon|?ation is evident approximately 1.34 mm. 
from the tip. These observations are represented graphically in figure 5 
and are listed in table I. Thus the condition found in the irradiated group 

TABLE I 

Average cell lengths at various distances prom the tips of Vwu faba 

SEEDLINGS GROWN FROM X-IREADIATED SEEDS AS COMPARED 
WITH CONTROLS 


Distance from tip 

Average cell length 

Control 

Irradiated 

mm. 

g 


0-1 

8 

40 

1-2 

12 

45 

2-3 

30 

45 

3-4 

37 

63 

4-5 

45 

64 


is a foreshortening of the developmental regions in the root as suggested 
by the occurrence of the root tip meristem, cell elongation, and the 
appearance of vascular cells within a region of approximately 0.1 mm.; 
while in the primary roots of control plants, these developments are found 
in a region which extends between approximately 0.225 and 5 mm. from the 
root tip. 

Material for a microscopical study of the mature primary root tissue was 
taken approximately 2 mm. below the region of the root-stem transition. 
This position below the root-stem transition was accurately determined by 
making sections back from the hypocotyl. The region thus selected has a 
well developed pith region and is above the primitive radial root structure. 
Over 500 comparable sections of control seedlings and of seedlings which 
had been grown from x-irradiated seeds were examined. 

In the transverse sections of control roots (fig 6, top ; fig. 9, left) a well- 
developed secondary vascular cylinder surrounds the tetrarch primary 
xylem. Lateral roots originate opposite the primary xylem arcs, which 
at this point, are often occupied by lacunae, bearing scattered peripheral 
protoxylem elements. The cylinder of xylem is surrounded by a zone of 10 
to 12 cells which includes the cambium, phloem, pericycle and endodermis. 

In the transverse sections of roots grown from x-irradiated seeds, (fig. 6, 
bottom; fig. 9, right) the primary xylem not only occurs in its normal tet- 
rarch position, but also forms in a continuous band 2 to 3 cells in thickness 
between these points and is composed of cells iaving either the reticulate or 
scalariform type of wall thickening. No annular or spiral elements appear 
to be present as occur in the comparable sections of the primary roots of 
control seedlings. 
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Fig. 6. Mature root development in a control plant of Vteia faba, top; and one 
germinated from an z-irradiated seed, bottom. Primary zylem, A ; secondary xylem, B ; 
phloem, C; distorted pericycle, D. x about 150. 


The zone of 10 or more cells in thickness (which has previously been 
described in the control primary root, surrounding the xylem cylinder) is 
also present, as indicated in transverse section (fig. 6, bottom), in the roots 
of the plants grown from the irradiated seeds. It is impossible however, to 
identify the tissue types of this zone because it is undifferentiated and dis- 
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torted. Its position and small cell size, however, is suggestive of, and cor- 
responds to, a similar region in the primary roots of the control plants 
which is occupied by the cambium, phloem, pericycle, and endodermis. In 
the irradiated group, the inner part of this zone is consistently separated 
from the adjacent continuous primary xylem between the primary xylem 
arcs, because of a regular distortion of cells in this layer. It lies in contact, 
however, with a region of larger xylem cells external to the primary xylem 
arcs which may be secondary xylem. In the primary roots of the control 
plants, these inner cells (the cambiums) are in close contact with the secon- 
dary xylem. The distortion of plant cells which are able to divide (such as 
those already mentioned of the root tip meristem, and the cambium) is also 
apparent in a region external to the primary xylem arcs (fig. 6, bottom). 
This distorted area represents the place where the pericycle had been active 
ill initiating lateral root formation but has now obviously degenerated. 



Fig. 7. CJomparative developments at the points of lateral root initiation in a normal 
root of Vicia faha, left; and in one germinated from x-irradiated seed, right. Primary 
xylem, A ; secondary xylera^ B ; phloem, C ; distorted xylem, D. x about 900. 


One generalization which may be made up to this point, concerning the na- 
ture of root modifications which occur in plants of Vicia faha grown from 
x-irradiated seeds, is the partial or complete distortion of tissues whose cel- 
lular units are capable of dividing. Evidence? of this is seen in the root tip 
meristem, the cambium, and the pericycle. 

Measurement of the distribution of tissues in many transverse sections 
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of the primary roots of control and of irradiated plants, demonstrates a 
greater development in the extent of the cortex and of the pith regions in 
the irradiated group than in the control. This is not caused by an increase 
in the number of cells as indicated by cell counts, but to an increase in cell 
size (table II). 

TABLE II 

A COMPARISON OP ROOT TISSUES IN THE TRANSVERSE SECTIONS OP CONTROL AND 
IN PLANTS GROWN PROM X-IRRADIATBD SEEDS OP Vlcia foba 


Region 

Control 

Irradiated 



lA 

Extent of cortex 

900 

1098 

Extent of pith 

1449 

2097 

Average size of cortex cells 

83 

99 

Average size of pith cells 

1 68 

90 


The hypoeotyl of plants germinated from x-irradiated seeds possesses 
vascular tissue consisting solely of xylem cells showing the spiral type of 
wall thickening. These primary elements appear in groups of 2 to 4 cells 
lying internal to the phloem (fig. 8, right). They are similar in size and 



Fig. 8. Transverse sections of the hypoeotyl of control seedlings of Vic%a foba, left; 
and of plants grown from x-irradiated seeds, right. Primary xylem, A; secondary 
xylem, B; phloem, C; cambium, T); schizogenous cavity in the pith area, E. x about 150. 
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position to corresponding primaiy elements in the control section (fig. 8, 
left) but not so numerous. 

The amount of phloem produced in the rayed hypocotyl is considerably 
less than that of the control and is poorly differentiated. There is but little 
noticable variation m the cells of the cortical region of the rayed hypocotyl 
with the exception of a slight decrease in cell size. Numerous modifications, 
however, occur in the pith region. There is a marked decrease in both 
extent of pith and the size of the individual pith cells (table III). 

TABLE III 

Comparison of pith siz^ or control hypocotyl and that of a si* ldling 

GERMINATFD FROM AN X IRRADIATED SFPD OF V ICIA FABA 


Extent of pith* region 
Size of pith ceUs 


Control 


Irradiatjd 


3240 

105 


M- 

1520 

51 


A most interesting effect of the irradiation observed here is the constant 
occurrence of a large intercellular cavity in the pith region of the hypocotyl 
(fig. 10, bottom). This is present when the delayed killing effect is evident 



Fig. 9. The origin of the cavity which occurs in the pith area of the hypocotyl of 
seedlings grown from x irradiated seeds, x about 1500. 

in the roots. The cavity first appears in the hypoc'otyl near the region of 
the root-stem transition. Figure 9 shows its' manner of origin in the pith. 
The cavity appears to be the result of a schizogenous splitting of the walls 
of successively formed cells. This abnormal situation may persist for vari- 


SMITH AND KERSTEN; X-RAY MODIFICATION OF ROOTS 


169 


ous distances in the hypocotyl. In some cases it involves the entire pith 
area, as shown in figure 10. 





Fig. 10. A large cavity in the hypocotyl of a Vina faha seedling grown from 
X iriadiated seed. 

Summary 

External and iuicrosc()j)ical observations of the primary roots of seed- 
lings grown from seeds of Vida faha (Burpee bush Lima bean), which had 
been x-irradiated while uiisoaked, are given. 

The following external modifications are shown: (a) a general failure of 
lateral root formation; (b) an apparent poor development of the root tip as 
(*ompared wnth controls; (c) the occurrence of ‘‘delayed killing’’ in the roots 
which becomes evident after a germination period of 8 days. 

One thousand slides of the primary roots of germinating x-irradiated 
seeds and a like number of the primary roots of control plants, were stained 
and examined using standard methods of microtechnique. A microscopi- 
cal examination of these slides has given rise to the following anatomical 
observations : 

1. In the germinating irradiated seeds, the root meristem, the beginning 
of root elongation, and the first occurrence of vascular cells, appear within 
a span of approximately 0.6 to 0.7 mm. from the root tip; in the control 
plant, these developments appear over a region of approximately 5 to 6 mm. 
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2. In the upper limits of the primary root, the primary xylem tissues in 
the rayed sections appear as a continuous band surrounded by a region of 
poorly differentiated cells ; if compared to tissues at a similar position in the 
primary root of the control plant, these are comparable to phloem, pericyclar, 
cambial and endodermal areas. 

3. Cambial activity is indicated only at points opposite the primary 
xylem arcs; here a small band of large xylem cells are found which may be 
secondary xylem. 

4. The degeneration of cells which normally retain their ability to divide 
is readily observed in the root tip meristem, the probable cambial region, and 
in the region where lateral roots are normally initiated in the pericycle. 

5. Secondary vascular cells are not observed in the hypocotyl. 

6. In the hypocotyl, small groups of primary spiral xylem cells appear 
at intervals internal to a region of cells which may be poorly differentiated 
phloem. 

7. A schizogenous cavity is consistently and characteristically present 
in the pith region of the hypocotyl of the seedlings grown from the x-irradi- 
ated seeds when root growth permanently ceases. 

Depaetments op Botany and Physics 
University op Cincinnati 
Cincinnati, Ohio 
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DEHYDRATION INJURY AND RESISTANCE 

G. W. SCARTH 

(with five figures) 

Introduction 

The causes of dehydration of cells are evapora tion, frost, and the osmotic 
action of hypertonic scdutions. In addition to loss of w^r and cons^ent 
diminution of cell volume, there are other effects peculiar to the respective 
agencies, so that we cannot assume on theoretical grounds that the injury 
which each of them may cause is effected in the same way. One type of 
frost injury indeed has no counterpart in the action of drought or hyper- 
tonic solutions; namely, disruption of the protoplasm by intracellular ice 
formation. This, however, occurs only under rather special conditions and 
at the moment of freezing. It is usually fatal to hardy as well as tender 
cells. The protection which is developed against intracellular freezing on 
hardening is an increase of cell permeability which tends to prevent its 
occurrence (7, 8). This type of freezing is necessarily absent when marked 
resistance is displayed. Usually ice forms in the intercellular spaces and it 
is possible that here too it may produce injury otherwise than by dehydra- 
tion. 

Peculiar to hypertonic solutions is their chemical or physico-chemical 
effect on the plasma membrane. The least toxic, namely sugars and bal- 
anced mixtures of Na and Ca salts, are most likely to injure through dehy- 
dration. Another difference between osmotic and other modes of dehydra- 
tion is that generally the protoplast contracts and separates from the wall 
in the former and wall and all collapse in the latter. Thus the mechanical 
stresses to which the protoplasm is exposed during contraction and expan- 
sion are somewhat different in the two eases. 

To throw light on the question of whether frost injury and plasmolysis 
injury result mainly from tlie special effects of these agents or from those 
that they share with drought we may determine the degree of correlation in 
the resistance of different types of cell to the respective agents. 

In the first place it seems to be the rule that extreme resistance to cold, 
whether in plant or animal, is associated with endurance of desiccation (6) ; 
perhaps the converse is not invariably true; €,g., myxomycetes (2). Quan- 
titative comparison of the degree of dehydration which is lethal with the 
respective agents and on cells with different degrees of resistance is required 
to test the relationship more fully. To a certain extent such a comparison 
is provided by results obtained by the author’s collaborators (6). All 
three treatments (desiccation, freezing, and plasmolysis) were applied to 
sections of similar material and also to the material having different grades 
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of resistance. In figure 1 freezing points of the solutions in equilibrium 
with the desiccating atmosphere and of the plasmolyzing solutions are used 
as a basis of comparison with the actual freezing temperatures in the cold 
chamber. The sub-zero temperature is a measure of the dehydrating force. 
The order of resistance of the various tissues, namely, cabbage (petioles), 
Catalpa and Cornus (cortex of twigs) in the non-hardened state and the 
same three in the hardened state, is approximately the same with all three 
treatments. The curves diverge somewhat at the less hardy end of the 
scale but this divergence could probably be reduced or abolished by regiilat- 



Fig, 1. Freezing points of the solutions in equilibrium with the desiccating atmos- 
phere and of the plasmolyzing solutions coiniiared with the actual freezing temperature 
in the cold chambers. 

Curve 1. Freezing points of the average concentrations of sugar solutions which 
result in injury on deplasmolysis. 

Curve 2. Actual average lethal temperatures in frost injury. 

Curve 3. Freezing points of solutions in equilibrium with atmospheres of aver- 
age lethal relative humidity. 

ing the periods of dehydration and equalizing the rate at which water is 
reabsorbed. Both of these complicating factors are of increasing impor- 
tance as the cells lack resistance. The time factor operates more rapidly in 
plasmolysis than frost injury but has not been tested in simple desiccation. 

Resemblance between frost and drought resistance is also seen in the fact 
that both develop together during the hardening process whether induced 
by low temperature or shortage of water. Moreover, the order of resistance 
of different tissues is the same with both modes of hardening. An example 
is shown in the relative desiccation resistance of certain wheat varieties 
hardened by drought and cold, respectively, as shown in table I from data 
obtained by WHiTEsroB (unpublished results) . 

Further correspondence between the two ^ypes of hardening process is 
found in the identity of the physiological changes which accompany them. 
The changes include increase in osmotic pressure, increase in cell perme- 
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TABLE I 

Resistanpe to desiccation of leaf sheath cells op spring and winter wheats 


Variety 


HarquiB 

Caesium 

Quivira* 

Kharkov 


22 M C* 


Variety 


Marquis 

Thatcher 

Quivira* 

Kharkov 22 M (’* 


Drouth hardened plants (5th leaf staoe) 
Molar oonc’entrations of NaCl over which 

SECTIONS were DESICCATED 


1.0 

1.5 

2.0 

2.5 

3.0 

-H-H* 

+++ 

0 

0 

0 

-H-H 

-H-l- 

0 

0 

0 



+++ 


0 



++ ! 

++ 

-H- 


Frost hardened plants (rosette stage) 
Molar concentrations of NaCl over which 
sections were desiccated 


1.0 

1.5 

2.0 


3.0 

3.5 

4.0 

4.5 

— 

— 

++ 

few 

+ 

0 

— 

— 

- 

— 

•H 

< t 

+ 

0 

- 

— 

- 


- 

- 

++++ 

+-H 

++ 

few 

— 




•H-H- 

+++ 

+++ 

+ 


* Winter wheats. Kharkov 22 M 0 is the liardiest. The spring wheats do not sur- 
^ ivc at Ottawa. 


ability, and a change in the colloidal state and consistency of protoplasm. 
The latter is of special importance and will be dealt with later. 

All these correlations point to a common mechanism of frost and drought 
injury and a common mode of resistance. Also, inasmuch as resistance to 
plasmolysis (or sometimes deplasmolysis) injury shows increase with 
hardening (whether induced by cold or drought) and, as the degrees of 
dehydration at whicli sugar solutions and evaporation respectively cause 
injury are comparable (fig. 1), it would seem that plasmolysis injury is also 
mainly a dehydration effect. 

The principal subject of this jiaper is the mechanism of injury by de- 
hydration. This problem has been approached by investigating the effect 
of dehydration on the i)hysical state of protoplasm and the difference be- 
tween hardy and non-hardy protoplasm in this respect. As it is almost 
impossible to investigate directly the physical state of the protoplasm in 
frozen or desiccated tissue, a study was made on plasmolyzed cells. Full 
details will be published in papers by Levjtt and Siminovitch (5, 9). What 
follows is a synthetic review of the principal findings and a discussion of 
their significaiuT. 

The methods of study included all of the usual ones for testing proto- 
plasmic consistency; some are applicable to the normally hydrated and 
some only to the plasmolyzed cells. The criteria are the rate of Brownian 
movement, rate or degree of displacement of cell parts by centrifuging, rate 
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of rounding up and shapes assumed during plasmolysis, and the rate of 
recovery from deformation by micro-needles. In addition two novel micro- 
manipulation tests proved very instructive. These were based respectively 
on the flow of protoplasm through punctured pits in the wall (fig. 2) , and the 
shapes assumed by injected oil drops in variously manipulated protoplasts. 

Comparison of hardy and non-hardy cells is complicated by the greater, 
often much greater, osmotic pressure of the hardy. The cells may be com- 
pared at the same degree of plasmolysis in which case the liquid phase of 


HAHDY NON-HAdOr 



Fig. 2. Comparison of the forms assumed by cytoplasm when expressed through £( 
punctured pit in (a) a hardened and (b) an unhardened cell of Catalpa in a balanced 
solution of NaCl and CaCb (9:1) with an osmotic pressure of 50 atmospheres. 

the hardy cells is the more concentrated ; or they may be compared in solu- 
tions of the same osmotic pressure in which case the hardy cells retain more 
water. The former compares the effect of equal degrees of dehydration of 
the cell as a whole, the latter of equal dehydrating forces. High osmotic 
pressure in itself is a measure of protection against dehydration but does 
not explain the ability of hardened cells to resist greater dehydration which 
is their principal safeguard. 

Results 

The viscosity of the endoplasm or mesoplasm (which is best iiidi(*ated by 
Brownian movement and rate of flow) naturallj^ increases as the dehydra- 
tion proceeds. We usually find little difference between unhardy and hardy 
cells at equal degrees of hydration (same relative volume) but a decidedly 
higher viscosity in the uiihardy than the hardy, when they are in equilibrium 
with equal osmotic pressures. This difference results in a greater tendency 
to injury on deplasmolysis which corresponds in some measure to injury on 
rapid thawing and on moistening after desiccation. 

The ectoplasm^ or surface layer of the protoplasm shows a more ])ro- 
nounced change on plasmolysis, whether by salt or sugar solutions, than 
does the mesoplasm. The elastic quality which even normally hydrated 
and streaming protoplasm reveals on microdissection appears to be mainly 
a property of the ectoplasm in plant as well as animal cells. With dehydra- 

1 The word ectoplasm as used here includes the cortical plasmagel layer as well as the 
fluid hyaline surface fllm. The writer now thinks it may be more logical to confine it to 
the latter — if so ambiguous a term is letained in use. 
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tion this region becomes increasingly gelatinous and may ultimately lose 
most of its ductility so that it ruptures when stretched. This is shown by 
the snapping and crumpling of the ectoplasmic strands which connect a 
plasmolyzed protoplast with the cell wall (fig. 3) and by the yisible rupture 

HARDY DEXTROSE NON- HARDY 



Fig. 3. Relative effect of osmotic deliydrution on ectoplasmic strands of hardened 
and unliardened cells of Hydrangea. 

The strands of the unhardened cells snap and crumple in high concentrations 
(3 M) of dextrose while those of the hardened remain ductile and often flow together 
in still higher concentrations (6 M). 

The hardy strands are invisible in low concentrations and show fainter outline 
(louer refractive index) than the non-hardy at each stage of dehydration. 

of ectoplasm (with outflow of mesoplasni or extrusion of toiioplast) when 
the cell is stretched by micromanipulation or deplasniolysis. The location 
of the change is best shown by the behavior of applied oil drops. As shown 
by Chambers (1), oil drops when brought in contact with a cell surface snap 
on to the cytoplasm. Tliey assume a lenticular form and appear to lie at the 
surface but are really covered by an invisible layer of highly surface-active 
material which spreads over oil as soon as it touches a protoplast. However, 
the three interfaces — i»oated oil-medium, oil-cytoplasm and cytoplasm-medium 
— ^form definite angles of contact determined by their relative surface ten- 
sions. As long as the ectoplasm i*emains sufficiently fluid the cell can be 
plasmolyzed and deplasmolyzed or mechanically deformed without perma- 
nently upsetting those angles or the shape of the drop. When, however, the 
ectoplasm sets to a gel its tension increases in proportion as it is stretched 
so that expansion of the cell surface pulls out the oil drop into a flat and 
ultimately con(*avo-convex lens (figs. 4, 5). 

Figure 4 compares the behavior of an oil drop in a hardy and a non- 
hard cell which have been plasmolyzed to the same degree and then deplas- 
molyzed. The diagram might represent either a vacuolated cell or a non- 
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vacuolated such as occurs in the cortex of Cornus twigs. Figure 5 shows that 
coagulation of ectoplasm occurs in hardy cells of cabbage when the dehydra- 

AT MS NON’HAROy 


40 2S 


2S tS 


16 12 


IS 9 


Fig. 4. Effect of deplasmolysis on the form of an oil drop injected into a hardy and 
a non-hardy cell respectively, e.g,, of cabbage (vacuolated) or Cornus (unvacuolated). 

In the hardy cell the shape of the drop (black in the diagram) remains un- 
changed being governed by surface tension foiees; in the non hardy it becomes 
flattened owing to the increasing tension of the solidified ectoplasm when stretched. 

tion is carried further but not even saturated invert sugar with an osmotic 
pressure of over 300 atmospheres coagulates very hardy tree cells. 

The relative tendency of their ectoplasms to solidify on dehydration is one 
of the greatest and probably the most important distinctions between hardy 
and non-hardy cells. Another striking difference in this connection is that 
in unhardy cells the solidification increases with the time of exposure while 
in the most hardy cells the time factor is not apparent at least for a period 
of many hours. 

After a certain stage of dehydration is reached (a stage more or less 
influenced by the time factor), the colloidal change which underlies the 
solidification phenomenon becomes irreversible. Then, no matter how 
gradually water is reabsorbed, the surface layer breaks when its elastic 
limit of extension is reached. The cells as long as they are undisturbed 
retain their semi-permeability and appear to be alive but they are unable 
to regain their normal volume or indeed to survive any mechanical treat- 
ment which stretches their surface beyond a certain limit. With hardened 
cells in which the time factor is negligible up to several hours, a fairly defi- 
nite critical concentration of solution can be discovered at which the irre- 
ver^siible change occurs in any particular type of cell. As we have seen 
earlier, there is some evidence that this corresponds to the critical tempera- 
ture in frost injury and to the critical loss of water in drought injury. If 
this proves to be generally true a simple and rapid test of frost and drought 
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resistance will be to determine the concentration of plasmolyte producing 
incapacity of deplasmolysis. 

As noted above the moment of death following plasmolysis does not 
appear to be that at which the ectoplasm becomes “coagulated’’ but rather 
when it ruptures on being stretched during deplasmolysis. In the case of 
drought or freezing it is possible that not only cell expansion but also 
further contraction beginning at tlie point at which coagulation begins, may 

ATMS 
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Fig. 5. Solidification of ectoplasm of a hardif cell (cabbage) by strong plasmolysis, 
as shown by changes in a large drop and a small drop during plasmolysis and deplas- 
molysis. In the lowest figure on the light the layer of cytoplasm is shown underlying the 
oil drop. 

set up damaging meehani(*al strains in the ectoplasmic layer. Moreover, 
there is some evidence that severe dehydration may cause the coagulation to 
become more general. Yet the critical moment is that at which the irrever- 
sible change takes place in a thin superficial layer. 

What then is the nature of the irreversible change which occurs at the 
critical stage of dehydration and how does hardening shift the critical 
point ? 

Normal ectoplasm is a visco-elastic sol which on dehydration becomes not 
simply a more viscous sol but rather a more rigid gel. When at a certain 
stage it changes to an irreversible gel, or coagulum, the inference is that 
some of its proteins have become denatured and lost much of their hydro- 
philic quality although the exact physico-chemical mechanism of this trans- 
formation is obscure. 

As regards the hardening change which might oppose this fatal tendency, 
there is much evidence of a certain increase in hydrophily of the protoplasm 
as a whole. Increase in its thickness supports this view (4). That the in- 
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crease of hydrophily is particularly marked at the surface of the protoplast 
can be inferred from its much lower refractive index in the hardened state. 
The lower visibility of the ectoplasmic strands represented in figure 3 is one 
sign of this difference. The increase in permeability of the cell to water and 
polar solutes is also in harmony with increased hydration of the plasma mem- 
brane. The magnitude of the increase in permeability, and also of the de- 
crease in refractive power in very hardy cells, points to greater increase of 
water content in the surface zone than occurs in the protoplasm as a whole. 
This result may be due to the greater concentration of colloid in the ecto- 
plasm rather than to a greater change in the (‘haracter of the colloids there. 

Summary 

Different kinds and conditions of plant material show parallel variation 
in their resistance to drought, frost, and plasmolysis, respectively. The 
maximum plasmolysis that cells can withstand is determined by the point 
at which an irreversible stiffening, presumably coagulation, of the ectoplasm 
occurs. The immediate cause of death is usually the rupture of the rigid 
ectoplasm on deplasmolysis. It is suggested that a similar colloidal change 
follows upon a certain critical degree of dehydration when produced by 
frost or evaporation and that with these also mechanical stresses may later 
cause the fatal rupture. 

In hardy cells the ectoplasm has a lower refractive index and higher 
permeability than in unhardy. These differences point to greater hydration 
of the ectoplasm the most probable cause of whi(‘h is greater water binding 
power of its colloids. The same colloidal difference might account for the 
greater resistance to coagulation through dehydration. 

Depaetment of Botany 
McGill University 
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EFFECTS OF PERIODS OF WARM WEATHER UPON THE 
WINTER HARDENED CONDITION OF A PLANT" 

S. T. Dexter 

Introduction 

The influence of alternating periods of high and low temperatures upon 
the hardening process of plants has been described at various times in the 
literature (1, 2 , 7). The rate at which plants lose this hardened condition 
when exposed to warm temperatures has been investigated (3, 10, 11). 
There appears to be relatively little in the literature, however, concerning 
the ability of a plant to become hardy a second time, following the dehard- 
ening process. Most of the work that relates to this subject is intimately 
connected with the process of vernalization. The implication from the gen- 
eral theory of vernalization, as stated by Lysenko, is that, since ‘‘every 
plant passes through a sequence of phases, which replace one another con- 
secutively and ill strict rotation,’’ a winter-annual plant, such as winter- 
wheat, would pass into the hardened condition once, and that, having passed 
out, it (*ould scarcely reenter that condition. Since this investigation was 
begun, a number of papers have appeared that deal with this topic indirectly. 
Among these are Kostjucenko and Zaritbailo (8, 9), who have reviewed 
literature dealing with the subject of the dependence of winterhardiness on 
the (conditions of seed ripening. If the seeds of rye or wheat were vernalized 
upon the mother plant during a cold season of ripening, plants grown from 
them wei'e found lacking in hardiness. Thus, wheat grown in north Russia 
was found to produce seed that was not suited for planting in that region, 
since it had been vernalized upon the mother plant, whereas seed produced 
on plants from the same lot of seed, but grown further south, produced 
winter hardy plants. Gregory and Purvis (6, 16) have presented further 
evidence along the same line. Rudorp (12) subjected winter cereals that 
had been vernalized to varying degrees, to a temperature of 10° C., with 
various day lengths for various periods of time, and determined the rate 
of loss of winterhardiness and the degree to which these plants could be 
rehardened. He concluded that loss of the ability to retain hardiness or to 
reharden was directly correlated with the degree of vernalization and with 
the development of the growing point, 

Voss (14, 16) has presented extensive evidence along the same lines, 
showing that the degree of vernalization, measured both by microscopic 
examination of the development of the growing point, and by subsequent 
growth behavior, is intimately related to the response of the plant to tem- 
peratures that ordinarily produce the hardened condition. The length of 
1 Journal Article, now series, no. 440. 
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day to which the partially vernalized and partially hardened plants were 
exposed during de-hardening at 10^ C. had a great influence upon the 
development of the growing point, and upon the retention of hardiness. 
Thus, Rudorp shows the influence of both length of day and of vernalization 
by low temperatures upon the subsequent development of the plant. 
Dexter (2) has shown that unvernalized wheat plants exposed to a long 
day, and developing typical upright long-day plants, harden as well as 
similar plants grown previous to hardening in a short day. Either type of 
plants hardened better in a long day than in a short day at 2® C. but better 
in a short than in a long day at 10° C. Sensitivity to the long day, both 
in development of growing point and in hardening relationships, is shown to 
be dependent upon previous vernalization. Rudorp^s photographs make this 
very clear. Exposure of vernalized plants to a long day at 10° C. was 
particularly detrimental to hardening and exposure of unvernalized jilants 
was moderately so. 

Experimentation 

Alfalfa plants brought into the greenhouse from the field, during the 
winter, will begin growth immediately as there is no dormant period. In 
order to avoid the complications arising from such growth, alfalfa roots were 
severed at the crown. They were cut into pieces about 1 cm. long, washed, 
rinsed in distilled water, and dried of superficial moisture. A large num- 
ber of 10-gram samples were weighed into 1" x 8" Pyrex test tubes, stoppered, 
and placed in a water bath at 2° C. One lot was so prepared on October 15, 
1936; another similar lot on January 13, 1937 ; and a third lot on March 15, 
1937, Appropriate numbers of tubes with their contained samples were 
moved to a bath at 12° C., from which they were moved back to the bath at 
2° C. as desired. After the desired duration of time at any temperature, 3 
tubes with their contents were placed in an alcohol-ice slush at - 7° C. for a 
4-hour freezing period. To each tube, 50 ml. of distilled water was then 
added, and exosmosis allowed to proceed at 2° C. for 20 hours. Electrical 
conductivity was then determined (2). In some cases, field samples were 
dug and treated in the same manner at intervals. Table I gives the results 
of these determinations. 

As nearly as we are aware, no problem of vernalization enters into the 
hardening of alfalfa, or into the retention of hardiness by the plant. It has 
been clearly demonstrated, however, that length of day is a factor in the 
hardening of this plant (2, 13). Since no buds were present on these sam- 
ples, it was assumed that no growth occurred. The increase and decrease 
in ability to withstand freezing appear reasonably clear from the table. 
Without photosynthesis, it seems difiScult to reharden the roots, following 
dehardening, to a condition equivalent to that before dehardening. As has 
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TABLE I 

Specific conductivities (x 10«, 2® C.) of extracts of alfalfa roots following various 

PERIODS AT THE TEMPERATURES INDICATED. THE ARROWS INDICATE THE PROGRESS 
OP ANY INDIVIDUAL SAMPLE PROM ONE BATH TO THE NEXT. SAMPLES 
FROZEN 4 HOURS AT - 7° C. ; EXOSMOSIS 20 HR. AT 2° C. 


Date 


Oct. 

15, 1936 

Oct. 

17 

Oct. 

20 

Oct. 

25 

Oct. 

30 

Nov. 

4 

No\. 

5 

Nov. 

6 

Nov. 

7 

No\. 

S 

Nov. 

14 

Nov. 

24 

Nov. 

29 

Nov. 

30 

Dec. 

1 

Dec. 

2 

Dec. 

o 

Dec. 

4 

Doc. 

5 


Jan. 13, 1937 
Jan. 16 
Jan. 23 
Fel). 2 
Feb. 5 
Feb. 12 
Feb. 22 


Mar. 15, 1938 
Mar. 61 
Mar. 20 
Mar. 30 


2° BATH 12° BATH 


2006 

1378 X 

1976 

2053 

1438 

1633 

1911 

2102 

1788 

1342 


1575 

1795 

1803 

2121 


Second set of samples 


1 



2352- 

1894 


1997 


I- 

2835- 

1970 

1822 



Third sft op samples 

i 2642 

2408 2762 


2° BATH 


Direct from 

FIELD 


2304 


1635 


1701 

1543 1262 
1537 1273 
1434 


1797 

2270 — samples 

deteriorating 


1576 


2157 

2059 

2257 

2284 


2173 


2720 


been demonstrated before (4), it is perfectly possible to harden the excised 
roots materially by simply snbjectinj^ them to a temperature of 2° C. 

During: periods of warm weather, the soil frequently thaws, and some 
f^rowth may take place. During subsequent cold weather, the ground may 
again freeze. In the spring of 1937 and 1938, samples were taken in an 
effort to determine whether dehardening and rehardening occurs in the field. 

The tests with samples direct from the field indicate that it is possible for 
hardening of alfalfa roots to occur following dehardeniiig due to warm 
weather, but that rehardening is likely to be somewhat incomplete, partic- 
ularly if any material growth has taken place. 
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TABLE II 

Specific conductivities (x 10®, 2 ° C.) or extracts of alfalfa roots dug from 
THE FIELD UNDER THE WEATHER CONDITIONS DESCRIBED. SAMPLES 
FROZEN, ETC., AS IN TABLE I 


Hate 

Specific 

CONDITIONS 

Weather conditions 

Mar. 15, 1937 

2160 

Frost gone from soil. Crust of frost on surface 

Mar. 22 

2466 

No frost, warmer 

Mar. 30 

3200 

No frost, much warmer, considerable growth 

Apr. 6 

3057 

Snow and colder. 2 or 3'' frost in bare spots 

Apr. 8 

2532 

Still cold and more snow 

Apr. 10 

2910 

iSnow gone, warmed up 

Apr. 17 

3683 

Warmer, more growth 


Apr. 17 Samples dug, placed in tubes at 2° C. until April 20 


Apr. 26 

4453 


Mar. 15, 1938 

2172 

Soil thawed 

Mar. 22 i 

2460 

Warmer, some growth 

Mar. 30 

3195 

Still waim, snow and cold 

Apr. 5 

3050 

Still snow and cold 


Wheat 

In the study of the effects of periods of warm weather on the hardiness 
and rehardening ability of winter wheat, a different technique was followed. 
In one experiment, winter wheat plants were grown in the greenhouse at 
ordinary greenhouse temperatures, transferred to a greenhouse at tempera- 
tures around freezing, again placed at the higher temperature, etc., for the 
periods shown. Samples of crown tissue (leaf sheaths and young leaves) 
were prepared as usual (2), washed, and weighed into test tubes, frozen, and 
the degree of exosmosis finally determined. In the other experiments, wheat 
plants were brought in dire<*t from the field where they had been grown under 
natural conditions in bottomless boxes. These plants, after a period of 
exposure to greenhouse temperatures, were exposed to hardening tempera- 
tures either out-of-doors or in the unheated house, etc. In other cases still, 
plants were dug from the field for testing before, during, and after periods 
of warm weather. As in the case of alfalfa, it has seemed desirable to extend 
this investigation over a period of several years in order to utilize these 
naturally occurring periods. Table III presents part of the data for experi- 
ments involving exposure to warm temperatures in the greenhouse. Since 
neither size of sample nor freezing temperature were constant from one 
experiment to the next, the figures given are comparable only, in general, 
with each individual experiment. Table IV presents the data for a similar 
study, but with two varieties. 

In some cases, there was a growth of several inches during the periods 
of exposure to warm temperatures. In field-grown samples, the wheat was 
undoubtedly vernalized. Whenever such growth occurred, rehardening 
was relatively slight, and in a good many cases, there is no evidence that 
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TABLE III 

Specific conductivities (x lO**, 2° C.) or extracts op winter wheat crowns poI/LQWIno 
PERIODS of exposure TO WARM AND COLD WEATHER, AS SHOWN 

Remarks 


Grown in warm greenhouse 
After 2 weeks in cold house 
After 3 days dehardening in warm house 
After 2 more weeks in cold house — ^proba- 
bly vernalized 

Dehardened one week, — much growth in 
height 

Exposed out of-doors, snow and cold 
weather, seemingly excellent hardening 
weather 


Field grown sample tested 
After one week in warm 
greenhouse 

After 11 days outside in cold 
weather 

Field grown samide tested 
After one week in warm 
greenhouse 

After two weeks exposure to 
cold weather 

hardening occurred at all. Laude (10, 11) has studied the behavior of 
numerous varieties of winter wheat in coming out of the hardened condition 
in the spring. He finds that some of the relatively tender varieties, such as 
Baldrock, above, are relatively slow to come out of the hardened condition, 
while some of the varieties that can endure low temperatures well (Minhardi) 
are not well adapted to sharply varying temperatures in the spring. The 
evidence above adds to his findings. Kudorf (12), as well, calls attention to 
the lack of correlation between hardiness at one stage and hardiness at an- 



Specific conductivity 

Date 

Warm Cold 

Peb. 8, 1938 2106 ^ 

Fob. 22 ^ 974 

Feb. 25 ]230 

Mar. 11 942 

Mar. 18 j- 

Apr. 8 1755 


TABLE IV 

Specific conductivities (x ID**, 2° C.) of extracts of winter wheat c’Rowns following 

PERIODS of EXl’OSl RE TO WARM AND COLD AVEATHER, AS SHOWN 
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other, and suggests : 1. Isolate varieties with a long temperature phase of 
vernalization and great resistance to cold. 2. Find varieties with unusual 
hardening ability after temperature phase has been passed through. 3. Find 
spring grains with great cold resistance. 

The plants grown in the greenhouse appeared to harden well on the 
first two exposures to hardening temperatures. Puring this four-week 
period of exposure to low temperature, however, it seems likely that the 
plants were vernalized. The third exposure to hardening temperature, 
seems to have been relatively ineffective in inducing hardiness. Table V 
presents the data taken from field samples following various changes in 
weather conditions. 

TABLE V 

Specific conductivities (x 10®, 2 ° C.) of extracts of wheat crowns, following 

EXPOSURE TO varying WEATHER CONDITIONS, AS INDICATED 


Date 

Specific conductivity 

Weather conditions 

Feb. 25, 1938 

753 

Ground frozen 1o a depth of a foot or more 

Mar. 14 

877 

Only the crust frozen 

Mar. 17 

973 

No frost, warmer 

Mar. 22 

1128 

Warmer, plants growing; no frost 

Mar. 30 

1340 

Still warm, growth occurring, field green 

Apr. 4 

1193 

Under snow, ground not frozen 

Apr. 5 

1117 

Ground frozen 

Apr. 8 

1057 

Snow left, 

but ground not frozen 

Apr. 10 

1200 

Snow melted, warmer, crust of frost in v.M. 

Apr. 13 

1323 

Much warmer 

Apr. 17 

1655 

Growing rai)idly 


Baldrock 

Minhardi 

Kye 


Mar. 27, 1939 

1865 

1870 

1775 

Following warm weather, slight 





frost in ground. Most leaves 





previously frozen off, now 





some green showing 

Apr. 1 

1060 

1488 

1310 

Cold weather and snow since 





Mar. 27 

Apr. 21 

1783 

1955 

1791 

Ai)r. 1 to 21 mostly cold, with 





lain and snow. A few days of 





warm w^eather. Much gieen* 





ing of w'hcat, but not much 





elongation. Maplo buds and 





spring flowers ojieii 


From the data taken. from field samples, we can conclude that reharden- 
ing in the field is possible, even in vernalized plants. When mu(*h growth 
had occurred, however, hardening was decidedly limited. 

Discussion and conclusions 

In Michigan, winter wheat is rarely injured hy severe frosts in the spring 
after growth has begun. This is not the case, apparently, in Germany (12), 
nor in the Great plains of the United States (10), where severe damage can 
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follow late frosts. In no case in this experiment, even after exposure for a 
week to greenhouse temperatures, was field-grown winter wheat severely 
injured by frosts when again exposed out-of-doors. The I’esults of this 
experiment show that rehardening after vernalization is possible, but indi- 
cate that rehardening is more likely in unvernalized plants. When a plant 
has been vernalized, the tendency toward development and elongation of 
the stalk is emphasized. As shown in a previous paper, any such tendency 
is distinctly unfavorable for hardening in the first place (2), for retention of 
the hardened condition (3) and, it now appears, is unfavorable for reharden- 
ing. The conclusions of this study are, then, in almost complete agreement 
with the extensive studies of Voss, Rudorp, and Laude. The emphasis 
that this study may add is that, while rehardening is not rendered impossi- 
ble by vernalization, it is made less probable. If the development of the 
wheat plant reaches the stage of elongation of the stalk, the possibility of 
hardening adequate to withstand ordinary winter temperatures is prob- 
ably gone. 

While vernalization i)robably does not enter the picture with alfalfa, 
yet the same general principles apply. Alfalfa appears to reharden follow- 
ing alternate exposure to cold, w^arm and cold weather, if growth has not 
occurred to any great extent. Again, however, it is doubtful if, without 
photosynthesis, full rehardening can be accomplished, since each dehardening 
appears to permit hardening to a lesser degree. In the mind of the author, 
these factors can be summed up again (2) : “The general proposition may 
be staled that hardening of plants is favored by conditions which tend 
toward the accumulation or conservation of carbohydrates and other reserve 
foods; that is, which further photosynthesis and lessen respiration and 
extension of vegetative parts.’’ 

Michigan State College 
East Lansing, Michigan 
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EFFECT OF MANGANESE DEFICIENCY UPON THE HISTOLOGY 
OF LYC0PER8ICVM E8CVLENTVM 

Ethel Taber Eltinge 
(with three figures) 

Introduction 

The healthy growth of practically all plants requires a small amount of 
manganese salts. In recent years the symptoms of manganese deficiency 
have been extensively studied and many new aspects of the question have 
been revealed. Bortner (3), Haas (5), Hoffman (6), McHargue (10, 
11), and others have found that chlorosis may result from manganese defi- 
ciency. McHargue found less sugar, starch, and vitamin C in plants with 
insufficient manganese, and Gilbert (4) concluded that there is a relation- 
ship between vitamin A and manganese. An important agricultural aspect 
of the question has been shown by Samuel and Piper (12) who found that 
the ‘‘grey speck’’ disease of oats is due to deficiency of manganese in the 
soil. Albert (1) found that the addition of manganese sulphate to the 
soil prevented the appearance of the “grey speck” disease. Lee and 
McHargue (9) found that the application of manganese sulphate to leaves 
of diseased sugar cane not only cured the disease but increased the growth. 

Methods 

The purpose of this paper is to present the results of a study of the his- 
tology and cytology of plants suffering from manganese deficiency. The 
plants were grown in iiutrient solution made by ailding repurified salts to 
redistilled water and employing 2-liter Pyrex glass beakers as containers. 
The salts were repurified by the inethol of Stout and Arnon (13). The 
nutrient solution employed was one commonly used and contained, in addi- 
tion, traces of boron, copper, zinc, iron, vanadium, nickel, cobalt, titanium, 
tungsten, chromium, and molybdenum. 

Results 

The first indication of manganese deficiency appeared on the tenth day 
as a mottling of the leaves, especially young ones. Within the next two 
weeks, small necrotic areas appeared in the center of each light green region 
(fig. 1, B). At first there was no difference in growth rate between man- 
ganese-deficient and control plants, but at the end of four weeks, the plants 
deficient in manganese were noticeably smaller (fig. 1, A). By the end of 
six weeks both had produced buds, but those on the deficient plants never 
set any fruit. 
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These morpholojiric'al chanjj:es caused by manganese deficiency coincided 
well with those prodii(»ed internally as observed from sections of fresh leaves 
and stems put in Einger’s solution and in leaves killed in Nemec’s solution 
and stained with acid fuchsin and light green. Plastids, especially those 
in the palisade cells, were the first part of the leaf to show injury. This 
was first evident as a yellow green color in contrast to the normal dark green 



Fig. 1. Tomato plants allowing manganese deficiency. A. Six weeks old plants. 
Left is deficient in manganese. Right, control. B. Mature leaves. Left, control; right, 
deficient. 


of healthy plastids. When treated with iodine, the deficient plastids showed 
two or three small starch grains, or none at all, while the control plastids 
were gorged with starch (fig. 2, A, B). At this stage in deficiency there was 
no difference in thickness of the leaves nor in the size of the cells composing 
them. When the leaves began to show necrotic areas externally, these were 
evident internally (fig. 2, C, D). At first isolated palisade cells here and 
there among yellow green cells were the only necrotic cells, then groups of 
palisade cells, and finally the injury spread to the epidermis and spongy 
parenchyma until the whole cross section was involved (fig. 3, A). At this 
advanced stage in deficiency, control leaves not only had longer and, in 
general, wider palisade cells filled with healthy green plastids, but were 
also much thicker than deficient leaves (fig. 2, C, D), In the latter there 
were a few normal plastids in the palisade cells near necrotic ones, but most 
of the plastids that were left had begun to show vacuoles within them (fig. 
3, D, E), or had become yellow green in color and indistinct as to outline 
(fig. 2, D). When the brown area included most of the cross section, or 
at least a group of cells, there were seldom any cells near by with healthy 
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Fig. 2. (VosH sections of tomoto leaves. A. Control leaf x 240 showing large starch 
grains within the i>lastid8. B. Manganese deficient leaf x 240 showing some plastids with 
no starch grains, some with 2-3 small ones and some plastids with very indistinct outline 
but with 2 or 3 small starch grains. On the left is an enlarged plastid of each of the three 
types mentioned. C. Healthy leaf x 339. D. Deficient leaf showing necrotic cells colored 
black. Rome plastids show vacuoles, others are very indistinct in outline, x 339. 
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Fig. 3. A. Cross section of leaf, x276, showing advanced deficiency. Most of the 
plastids have disintegrated and many cells are necrotic. B. Normal plastids treated with 
silver nitrate, x 630. C. Deficient plastids treated with silver nitrate, x 630. D. Plastids 
showing large vacuoles from near a necrotic region, x 604. E. Palisade cell showing 
vacuolization of plastids caused by manganese deficiency. 

plastids. Occasionally 'there was a cell with a few yellow green granular 
ones. Often the cells that were not necrotic showed only coagulated mate- 
rial staining red with acid fuchsin (fig. 3, A). 

A deficiency in manganese in addition to producing structural changes, 
brought about the formation of abnormal products of metabolism. Healthy 
tomato leaves showed various types of crystals. These frequently filled a 
cell, especially in the spongy parenchyma. Manganese-deficient leaves on 
the other hand often showed regions where every palisade cell was at least 
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half filled with small calcium oxalate crystals. When deficient leaf sections 
were placed in indol phenol blue, oil was found in all cells in badly affected 
areas, while in control leaves it was found only in the epidermis and hairs. 
Dilute soap solution applied to cross sections of fresh deficient leaves caused 
the granular yellow green plastids to dissolve leaving a clear yellow green 
solution within the cell. If the granular plastids had small starch grains 
within them, these could be seen moving about within the green solution. 
Sections of control and deficient tomato leaves were placed in a two per cent, 
solution of silver nitrate according to the method of Weier (14). These 
sections were cut within two hours after bringing the plant into the labora- 
tory from the bright sunlight of the greenhouse. Plastids from healthy 
leaves showed wide bands of reduced silver nitrate partly or all the way 
around the edge of the plastid (fig. 3, B). Occasionally a plastid was en- 
tirely brown-black. Macroscopically, the entire section looked black. Plas- 
tids from the deficient leaves were indistinct in outline. Close observation 
showed very small dark brown granules within some of them. These gran- 
ules were irregular as to number and position (fig. 3, C). Macroscopically, 
these sections looked slightly darker than untreated ones but distinctly 
not black. 

Tomato plants exhibiting advanced deficiency often showed some of the 
younger leaves and leaflets wilting. In section such a leaflet usually showed 
some dead cells and a few cells with some plastids, many of which were 
granular or vacuolated. Sections through small veins showed some of the 
cells partially filled with (crystals and a few cells completely full of granular 
material staining pink with acid fuchsin. 

The stems of manganese-deficient plants showed, in general, the same 
differences as did the leaves. They were smaller in diameter and contained 
a much narrower band of xylem tissue. Fresh sections stained with methyl 
green indicated that the newest xylem was still alive. Much of the older 
xylem, however, was dead. The older xylem had many cells which were 
torn in outline. This was not true of similar control sections. In deficient 
stems, as well as leaves, more parenchyma cells were filled with crystals. 
Stems from plants showing leaflets wilting, often showed some of the xylem 
cells plugged with brown material. A few of the xylem cells were partially 
filled with crystals. Manganese-deficient stems had some starch stored 
within them but the grains were much smaller and usually simple in contrast 
to the large compound ones found in control stems. 

Discussion 

From the results of this work it is evident that a lack of the element 
manganese brings about some of the same changes histologically that does a 
toxic amount of the element. Kelley (7, 8) in his work with a toxic quan- 
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tity of the element reported a chlorosis in pineapples followed by first a 
decrease in number and size of plastids and finally by their dissolution. 
Along with this went a decrease in the amount of starch and sugar and the 
formation of excessive numbers of calcium oxalate crystals. 

In the present investigation the chloroplasts also appeared to be the first 
part of the plant injured. Something happened within the plastid to stop 
the manufacture of chlorophyll. This resulted almost at once in the de- 
crease in size and number of starch grains. The plant was not able to use 
this starch completely but changed part of it to fat which was present in 
all cells of the leaf. Along with the change from starch to fat went first 
the vacuolation and then dissolution of the plastids. With the disruption 
of the chlorophyll mechanism, the ascorbic acid content of the plants was 
reduced almost to zero. Here, as with the toxic amount of the element, 
calcium oxalate was found in large amounts; many cells were filled with 
crystals of all sizes. 

Summary 

1. Chloroplasts are the first part of the plant affected by a deficiency of 
manganese. They become yellow green in color, gradually lose their starch 
grains, become vacuolated, then granular, and finally distintegrate into an 
indistinct mass along with the cytoplasm. This eventually turns brown. 
Plastids deficient in manganese dissolve in dilute soap solution. They also 
produce very little, if any, ascorbic acid. 

2. Manganese-deficient leaves are thinner and have smaller palisade cells 
than do control ones. Many more cells in the former contain large masses 
of crystals than do those in the latter. This is also true of the parenchyma 
cells in deficient stems. 

3. Manganese-deficient stems are smaller in diameter, contain less xylem, 
and often show xylem cells plugged with coagulated material. Some of the 
conducting cells in the veins of deficient leaves are also plugged. Here 
the clogging is caused by both crystals and coagulated material. 

4. Some of the food stored in deficient leaves is in the form of fat. 
That in stems is in the form of starch but the grains are mostly simple and 
few in number compared to those in healthy stems which are compound 
and numerous. 

The writer wishes to express sincere appreciation to Professor Howard 

S. Reed for advice and help during the preparation of this paper, and also 
to Professor Dennis R. Hoagland, Division of Plant Nutrition of the 
University of California, under whose direction the plants were grown. 
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TOXICITY OP SELENIUM-CONTAINING PLANTS AS A 
MEANS OF CONTROL FOR RED SPIDERS’ 

V. H. Morris, C. E. Neiswander, and 
J , D , Sayre 

Introduction 

One of the difficulties frequently encountered by investij^ators in growing 
plants in greenhouses is the control of the common red spider, Tetranychus 
telarius L. Corn plants are especially suspectible, and in a series of physi- 
ological studies at Wooster, Ohio, red spiders threatened to become a limiting 
factor. Insecticides suitable for use on corn plants were applied with knap- 
sack, wheelbarrow, and high-pressure orchard sprayers, but did not give 
satisfactory control. 

The observations by Hurd-Karker and Poos ( 4 ) that red spiders were 
unable to persist on cereal plants growing in nutrient and soil cultures con- 
taining available selenium seemed to offer a new approac'h to the pi*oblem 
of red spider control. Although selenium is extremely toxic to both plants 
and animals in high concentrations, most plants are known to tolerate low 
concentrations. The problem then was to find concentrations of the selenium 
salt which would not be toxic to the plants and would allow the accumulation 
in plant tissues of levels of selenium sufficient to be toxic to red spiders.^ 

Methods 

In the studies reported in this paper, corn plants wei*e grown by “tank 
culture’’ technique in cement tanks 10 feet long, 21 feet wide, and 8 inches 
deep with a capacity of 470 liters of nutrient solution. Twenty-four plants 
were grown in each tank, supported on hardware cloth trays filled with 
excelsior. Oxygen was supplied to the roots by frequent aeration of the 
nutrient solution, and the reaction was kept between pH 5.5 and 6 by 
occasional adjustment. 

The composition of the nutrient solutions used in the several experiments 
differed slightly, mainly in the relative i^roportions of Ca(NO02 and KNO.i. 
Essentially, however, the composition, expressed as millimols per liter of 
nutrient solution, was as follows: KH2PO4, 0.53; CaCNOd)^, 10.86; KNO.{, 
6.98; MgS04, 2.74; and (NH4)2S04, 1.43. Frequent additions of small 

1 Based on investigation cooperative between the Division of Cereal Crops and Dis- 
eases, Bureau of Plant Industry, U. S. Department of Agriculture, and the Departments 
of Agronomy and Entomology, Ohio Agricultural Experiment Station. 

2 Since this manuscript was prepared for publication, Lkukel (6) reported the use 
of selenized soil in the control of aphids and red spiders on sorghum, 
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quantities of MnS 04 , HsBOs, and FeS 04 were made. The solutions were 
completely renewed at two- or three-week intervals. 

The form of selenium used in these studies was sodium selenate. In the 
preliminary experiments reagent quality Na 2 Se 04 * 10 H 2 O was employed ; 
a much cheaper source was discovered in a technical grade of anyhdrous 
sodium selenate, however, and used in the subsequent experiments. 

At the completion of each experiment the plants were harvested, cut up 
in an electric food chopper, and aliquots dried for analysis. The procedures 
used for the determination of selenium were those devised and employed by 
the Food and Drug Administration, United States Department of Agriculture 
( 1 , 6 ). 

Results 

Preliminary experiments 

In the first of two preliminary experiments red spider populations were 
reduced by two additions of sodium selenate. The first addition supplied 
2, and the second 3, p.p.m. of selenium to the nutrient solution. 

In the second preliminary experiment, 2 p.p.m. of selenium were added 
to the nutrient solution at 10-day intervals. When the mature plants were 
harvested, the plants in the control tank w^ere practically dead as a result 
of spider injury, whereas the plants receiving selenium were nearly free of 
red spiders. 

There was no indication of toxicity to the plants in either test and the 
results were, therefore, encouraging. To test further the possibility of con- 
trolling red spiders by selenium-induced toxicity without disturbing normal 
plant development, a more elaborate series of experiments was undertaken 
and is reported in detail. 

Experiment I 

On October 25, 1937, a series of four tanks was planted to a single-cross 
hybrid. One tank was used as a control and received no selenium. Selenium 
was added to the other three tanks at the rate of 0.5, 1.0, and 2.0 p.p.m. 
Beginning two weeks after planting, five additions of selenium were made at 
ai)proximately two-week intervals. In order to obtain a uniform distribu- 
tion of red spiders, the plants were artificially infested December 13 and were 
harvested January 28. Twelve plants were composited for each sample for 
analysis. Observations made on the red spider infestations and on the con- 
dition of plants at time of harvest, together with the selenium content of the 
samples, are given in table I. 

3 The sodium selenate used in these experiments -was of technical grade, purchased 
from the Harshaw Chemical Co., Cleveland, Ohio, At tie time of these first experiments 
we were not equipped to determine its purity, and it was accepted as 100 per cent. Later 
analysis showed only 86 per cent, selenate, so that these treatments were actually 15 per 
cent, less than the figures given. 
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TABLE I 

Effect of different concentrations of selenium in the culture solutions upon 

THE SELENIUM CONTENT OF WHOLE CORN PLANTS AND ON RED SPIDER 
INFESTATION. DATA CALCULATED ON A DRY MATTER BASIS 


Treatment 

Selenium 

content 


p.p.m. 

Control 

2 

Soldi ium 0.5 p.p.m. 

31 

Solouium 1.0 p.xj.m. 

56 

Selenium 2.0 p.p.m. 

87 


Observations on red spider infestation 
AND condition OF PLANTS 


Thoroughly infested, practically dead from red 
spider injury. 

Well infested, severe injury on lower leaves, 
some injury to upper leaves. 

Numerous dead red spiders, no red spider 
injury. 

No red si)iders, no red spider injury. 


Experiment II 

The tanks used in this experiment were planted to a single-eross hybrid 
February 12. 

The selenium additions, which were at the same rates as in the preceding 
experiment, were begun one week after planting and continued weekly 
throughout the growth period. To ensure uniform red spider infestation 
the plants were artificially infested May 9. The plants were harvested June 
30. Composite samples of the leaves from 12 plants from ea(*h tank were 
taken for analysis. Observations on the red spider infestation and on the 
condition of the plants at harvest, together with their selenium content, are 
presented in table II. 

TABLE II 

EFrU’T OF DIFFERENT CONCENTRATIONS OP SELENIUM IN THE CULTURE SOLUTIONS UPON 
THE SELENIUM CONTENT OP CORN LEAVES AND ON RED SPIDER INFESTATIONS. 

Data calculated on a dry matter basis 


Tre\tmf.nt 

Selenium 

content 

Observations on red spider infestations 

AND conditions OF PLANTS 

Control 

p.p.m. 

5 

Leaves thoroughly infested, plants dead. 

Selenium 0.5 p.p.m. 

23 

General infestation, red spider injury rather 
Ught. 

Selenium 3.0 p.p.m. 

46 

Few living red spiders, survivors abnormally 
sluggish in movement, no red spider injury. 

Selenium 2.0 p.p.m. 

301 

No living red spiders, no red spider injury. 


Experiment III 

A third experiment was carried out during the summer of 1938. The 
previous experiments had indicated that the toxicity of corn leaves grown in 
a nutrient solution receiving 0.5 p.p.m. of selenium was inadequate for 
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protection from infestations of red spider. The selenium levels for this 
experiment were accordinf>:]y increased to 1.0, 2.0, and 3.0 p.ji.m. 

The corn was planted July 6. Each tank contained a set of five com- 
mercial hybrids replicated four times. The selenium additions were be^un 
immediately and continued weekly throughout the growth period. The 
plants were artificially infested September 3. When the plants were 
harvested October 5, the leaves and stems of five plants in each replication 
were composited separately for analysis. 

The selenium content of the samples and the observations made at 
harvest on the effect of treatments are presented in table III. 

TABLE III 

Effect of different concentrations of selenium in the culture solutions upon 

THE SELENIUM CONTENT OF CORN TISSUES AND ON RED SPIDER INFESTATION. 

Data calculated on a dry matter basis 


Treatment 

Selenium content 

Observations on red spider infesta- 

Leaves 

Stems 

TIONS and conditions OF PLANTS 


p.p.w. 

p.p.w. 


Control 

2 

1 

Leaves thoroughly infested, red spider 
injury causing death. 

1 p.p.m. selenium 

51 

19 

Few living red spiders, no red spider 
injury. 

2 p.p.m. selenium 

133 

49 

No living red Binders, no rod spider 
injury. 

3 p.p.m. selenium 

196 

56 

No living red spiders, no red spider 
injury. 


The plants in the control tank were so thoroughly infested with red 
spiders that the lower surface of the leaves were completely covered with 
webs. The tank receiving the 1 p.p.m. treatment was separated from the 
control tank by a space of only 18 inches and the leaves of the plants from 
the two treatments intermingled. As a result there w^as considerable 
migration from the heavily infested and dying control plants to those 
receiving 1 p.p.m. of selenium. Although the presence of many red spiders, 
including young and eggs, could be observed on the leaves of the plants 
receiving 1 p.p.m. of selenium, close examination showed that except for an 
occasional sluggish individual, they were dead. 

During the summer a relatively heavy infestation of aphids. Aphis 
maidis Fitch, developed in the tassels of the control plants; none was 
observed on plants receiving selenium. 

Additional experimeKts 

The successful control of red spider in these experiments with corn led 
to the use of selenium in various other plant nutrition studies at the Ohio 
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Ajjfricultural Experiment Station. These studies included many diversified 
investigations, such as mineral deficiency studies with young apple and elm 
trees, tests of commercial legume iiioeulatiou cultures, and the growing of 
wheat plants for hybridization purposes. Sand and soil cultures were 
employed in these studies and the rate of selenium addition varied from 1 to 
3 p.p.iii. in sand culture to 10 p.p.m. in soil culture. Previously in these 
studies it had been necessary to combat red spider constantly, and control 
was at best uncertain. The use of selenium, however, eliminated the red 
spider problem in each of these investigations. 

Discussion 

A factor which must be considered in the use of selenium is the selenium- 
sulphur antagonism reported by Hurd-Karrer (2, 3). She found that the 
toxicity of selenium to plants and the quantities of selenium absorbed varied 
with the i^roportionate concentrations of available sulphur and selenium. 
According to Hurd-Karrer, toxicity to plants is not likely to occur when the 
quantity of selenium is less than the ratio 1 of selenium to 12 of sulphur. 
The nutrient solutions used in these studies with corn varied in sulphur 
content between 130 and 190 p.p.m, depending upon whether tap water or 
rain water was used in making up the solutions. Thus the selenium-sulphur 
ratios in the nutrient solution varied from approximately 1 : 200 to 1 : 40. 
In no (‘ase was there observed the slightest evidence of toxicity to the corn 
plants. 

Under the ('onditions of these experiments with additions of 0.5, 1.0, 2.0, 
and 3.0 p.p m. of selenium to the nutrient solution in which corn was grown, 
leaf tissues contained approximately 25, 50, 100, and 150 p.p.m, of selenium, 
resiiectively. The leaf tissues containing approximately 25 p.p.m. of 
selenium were sublethal to red spiders although the infestations did not cause 
mu(*li injury; at 50 p.p.m. red spider infestations were inhibited although 
o<*(‘asional sluggish individuals were found. At concentrations approxi- 
mately 100 p.p.m. or above, red spiders were unable either to multiply or 
persist. The experiment in which a natural infestation of aphids occurred 
on jdants which did not receive selenium but did not occur on plants receiv- 
ing selenium indicates that aphids are unable to persist on plants which have 
an available supply of selenium. 

It should be einjihasized that selenium is recognized as one of the very 
toxic poisons to man and animals and the use of selenized tissue as a means 
of insect control should be confined to plants intended for experimental 
or non-food purposes. 

Ohio Agricultural Experiment Station 
Wooster, Ohio 
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LACK OF INHIBITION OP LATERAL BUDS BY THE GROWTH^ 
PROMOTING SUBSTANCE PHENYLACETIC ACID 

Felix G. Gustafson 
(with two figures) 

It is now a well-known fact that indole acetic and indole butyric acids, 
when applied in lanolin to cut apices of stems suppress the formation of 
lateral buds, as do the terminal buds themselves. Thimann and Skoog (9) 
were the first to demonstrate this when they applied an extract from Bhizo- 
pus suinus to decapitated Vida faba seedlings and found that the lateral 
buds were inhibited. It was later found that the active substance was indole 
acetic acid. Since that time other investigators have demonstrated the same 
thing for other plants ( 2 , 3, 6, 7, 8, 9, 10). 

In some laboratory experiments with Hellanfhus annuus the writer 
applied indole acetic acid and pheiiylacetic acids in lanolin to the cut sur- 
faces of stems. After some time it was noticed that some of the treated 
plants had produced lateral buds while others had not and when a check 
was made it was found that the treated plants that produced shoots were 
the ones that had been treated with plienjdacetic acid. 

This interesting observation led to a more detailed and carefully con- 
trolled experiment. Uelianthus annuus was used again because under nor- 
mal treatment it never i)roduces any lateral buds or branches. Four lots 
of 16 plants each were carefully selected, besides some control plants not 
decapitated. These plants were between 60 and 70 centimeters tall; no 
flower buds had as yet been formed. Ten to 15 cm. of the top were cut off 
from each one of these 64 plants. The cut was always about one centimeter 
above a node. One per cent, indole acetic, indole butyric, and phenylacetic 
acids mixed sei)arately in lanolin, as well as lanolin alone, were used. Six- 
teen plants were treated with each chemical on March 20, 1939. A consider- 
able amount of material Avas smeared on the freshly cut surface, but it was 
not repeated during the time of the experiment. 

On April 10 representatiA^e plants from each group were photographed 
(fig. 1). At that time the plants treated with the auxin showed the typical 
gall formation, but no buds or lateral shoots had been formed on any of the 
plants treated with indole acetic and butyric acids. The plants treated with 
phenylacetic acid had on the other hand formed as many and nearly as 
large buds as the i)lants treated with plain lanolin. A montli later (May 
13) representative plants from each lot were again photographed (fig. 2). 
As the photograph shows, all of the plants except those not decapitated had 
by now produced some buds or branches. It is to be remembered that 
during a period of 54 days no new auxin application had been made. By 
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now the lateral branches of the lanolin and phenylacetic acid treated plants 
had produced flower buds. Most of the plants to which indole acetic acid 
had been applied had several branches, that were much larger and more 
numerous than those on the plants treated with indole butyric acid. It thus 
appears that phenylacetic acid does not suppress lateral bud growth at all, 
while indole acetic and indole butyric acids do, and the latter seems to be 
more effective than the former. 

Not until a thorough search was made of the literature was it realized 
that phenylacetic acid had been used in a similar experiment before. In a 
paper published in 1935 HrroncocK makes tlie statement: ‘‘If the cut sur- 
face of decapitated stems (1;obaeco) was treated with a lanolin preparation 



Fig. 3. Heliaiithus plants days after the commencement of the experiment. Read- 
ing from loft to right, th(* plants Aivere treated with pure lanolin, indole butyric, jdienyl- 
acetic, and indole acetic acids. Only plants treated with lanolin and phenylacetic acid 
have buds. 

containing a high concentration of any one of the seven growth substances 
(indoleacetie, indolebutyrio, indolepropionic, phenylacetic, phenyl propionic, 
phenylacrylic, and naphthalene acetic acids) nsed in the bending tests, 
marked inhibition of the growth of the upper two or three buds occurred. . . . 
No attempt was made to compare the effectiveness of the different substances 
in these tests.’’ Thus, according to Hitchcock, phenylacetic acid inhibits 
the bud development in the tobacco plant. The writer has not repeated this 
experiment with tobacco. Kecently, one of the writer’s students has re- 
peated the above experiment on Hclianthus anmus with several hundred 
plants for each chemical and in every instance has he found that phenylacetic 
acid does not inhibit bud formation. It produces a gall like the other sub- 


GUSTAFSON : PHENYLiAOTIC ACID AND BUD BEHAVIOR 


205 


stances, but no bud inhibition. Thus there is no question about its lack of 
inhibition of lateral buds in Helianthus. 

If we compare other jrrowth-promotinfir activities of phenylacetic acid 
witJi other p:rowth substances find the followdnj*:. According to Went 
and Thimann ( 11 ), phenylacetic acid is about ten i)er cent, as active in the 
pea test as is indole acetic acid, and only 0.02 per cent, as active in the Avena 
test as indole acetic acid, which means that for practical purposes it does not 
cause Avena curvatures. Zimmerman and Wilcoxon ( 12 ) found that 
phenylacetic acid, though less effective than indole acetic and indole butyric 



Fkj. 2 , Plants 54 (ln>s after the beginning of the experiment. Reading from left to 
right, tho plants were treated with lanolin, indole butyric, phenyhieotie, indole acetic 
acids, and no treatment. Now all of the treated ])lants have buds, but the ones treated 
with indole butyric acid have much smaller buds. 

acids, docs cause root production, negative bemliiig of stems, epinasty of 
leaves, and suppresses stem elongation. Avery and Sargent ( 10 ) found 
that phenylacetic acid does not increase Ihe straight growth of Avena coleop- 
tiles, but act»ially inhibits it. (Iustafson ( 4 , 5) has shown that phenylacetic 
acid is about as effective as indole acetic and indole butyric acids in inducing 
jiarthenocarpy and more effective than indole acetic acid in causing size 
growth of tomato fruits. 
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We thus see that in most of its etfects on plant growth phenylaeetic acid 
is less effective than indole acetic or indole butyric acids. This is, however, 
not true as far as parthenocarpy is concerned. 

This note has been written because it seems to the writer that the inter- 
esting behavior of phenylaeetic acid with respect to gall formation but lack 
of lateral bud inhibition might be of considerable value in the experimental 
study of bud inhibition. 

Depabtmbnt or Botany 

University or Michigan 
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BRIEF PAPERS 

AUTOMATIC WATERING OP EXPERIMENTAL PLOTS 

Kkn NETH Post 

(with two figures) 

Various methods of maintaining uniform moisture in the soil for young 
plants are used by experimentalists. Probably weighing the container in 
which the plant is growing, from time to time, and adding sufficient water 
to bring it to a definite weight meets with favor in the majority of cases. 

Johnston and Atkins (3) developed a system for automatic control of 
adding water periodically to plants in pots. Calpee and McHargue ( 2 ) 
developed a flower pot which utilized the principle of capillarity in supply- 
ing water. 

Greenhouse experiments conducted in large beds or benches with vol- 
umes of soil of sufficient size to make watering by these methods impractical 
are more difficult to keep at constant or equal moisture. Soil tensiometers 
described by Richards, Russell, and Neal (6) or conductivity methods 
suggested by Bouyoucos and Mick (1) and White-Stevens and Jacob (7) 
serve to determine the soil moisture content. The water is then added 
when a given moisture content is reached. Great fluctuations in water 
content of the soil thus occur and it is difficult to uniformly apply the water 
over the area in question. 

Some of tliis difficulty is overcome in the automatic control here de- 
scribed. A water-tight, level bench (fig. 1) is provided with two rows of 



Fig. 1. Cross section diagram of bench construction for sub irrigation of bench 
planta. 

tile running lengthwise. The tile slope one inch in 100 ft. and are connected 
by T's in the middle of the bench. This construction has previously been 
described by the writer ( 4 ). 
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A soil tensiometer is connnected to a Bourdon vacuum gauge (fig. 2). 
A piece of copper wire is bent and fastened to the inside of the celluloid 
face of the gauge. It is placed so that the hand will touch it on its upward 
movement as the soil tension increases. The ground wire is fastened to the 
base of the gauge. 


TIME CLOCK 



Fig. 2. Wiring diagram for automatic watering of experimental plots. 

The tensiometer operates a relay which in turn operates a solenoid valve 
and injects water into the tile in the bench. The electrical current flows 
through a time clock which permits it to flow to the vacuum gauge at two 
hour intervals. The period of flow of the current is determined by the time 
required to inject the desired amount of water in the bench. 

The two-hour time interval was calculated after several trials to deter- 
mine the time required for the absorption of the water, and its movement 
to affect the tensiometer. 

The distribution of water in the soil has been found to be uniform 
through the bench when a low tension (5 to 15 cm. of mercury) is main- 
tained. Capillarity is not as uniform at high tensions and the soil moisture 
is not as uniform. The lower layers are moister than the surface. 

The automatic watering method is satisfactory when one it attempting 
to grow benches of plants for fertilizer, light, temperature, and other studies 
necessitating equal moisture in the plots. 

Dkpaetment op Floeicultitre and 
Ornamental Horticulture 
Cornell University 
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COMPARATIVE TRANSMISSION SPECTROGRAMS OP AN 
IRRADIATED LEAP EXTRACT 

Pbedeeick F. Ferguson and Lewis W. Webb, Je. 
(with one figure) 

This paper is a preliminary effort to show something of the spectro- 
graphic changes which occur upon radiation of an alcoholic solution of leaf 
green, Webb and Perguson have previously indicated the nature of the 
changes caused by dilution, in the spectrograms of an alcoholic leaf extract. 

The material used in this study was prepared in the following manner : 
3 grams of damp grass {Poa pratensis) were refluxed with 100 ml. of methyl 
alcohol for 20 minutes. Ten ml. of the resulting dark green mixture were 
then diluted with 90 ml. of methyl alcohol. 

The transmission spectrogram of a sample of this solution was then ob- 
tained.^ This solution was next removed from the spectrophotometer and 
subjected to the radiation from a 200-watt uiifrosted bulb. The center of 
the specimen tube was ca. 15 cm. from the outside of the lamp. The radia- 
tion was continued for two hours and the solution was again tested. About 
one hour was required for each set of observations obtained by using the 
spectrophotometer, during which time some radiation was naturally fur- 
nished by the instrument. The other graphs were taken by continuing 
this procedure. It will be noted here that curve no. 1 is that of a dilute 
solution of leaf green possessing the characteristic spectrogram as shown by 
Perguson, DeLoach and Webb (1) for an ethyl alcohol solution. 

As the radiation was continued upon the sample many pronounced 
changes occurred. One noticeable feature was the gradual visual transfor- 
mation from a green to a brownish flocculent fluid. This color change can 
be easily seen by the proper interpretation of the graphs in figure 1. 

An examination of these graphs also shows an increase in the ability to 
transmit light in all of the wave bands except from ca. 500 mp to ca. 580 
mjj and in the infra red. Transmission is gradually increased at ca. 360 
mg. There is a marked tendency for all five curves to meet at ca. 480 mg, 
580 mg, and 690 mg. The extremely high transmission in the infra red is 
a factor common to all of the curves. The decrease of absorption for wave- 
bands in the region of ca. 660 mg is comparable to that caused by increased 
dilution of an alcoholic leaf extract as shown by Webb and Perguson (2). 
The relative high loss of transmission from ca. 500 mg to ca. 580 mg and 
from ca. 700 mg to ca. 900 mg is of interest. Curves nos. 3 and 4 coincide in 
the region of ca. 530 mg to 580 mg and 740 mg to 900 mg. With the exception 

1 The instrument used in this study was the Coleman Eogional Spectrophotometer, 
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of the region of ca. 360 mpi to 480 mp curves nos. 4 and 5 are in entire agree- 
ment. 

The spectral range for the curves extends from 360 m^j to 900 mp. Each 
point represents the average transmission of a band 30 mp wide. 



350 400 4*50 500 550 600 650 100 150 800 650 90O ISOplJ, 

^ave Length “ 

Fig. 1. Comparative curves showing efifeets of irradiation upon an alcoholic leaf extract. 

That light is the factor causing the disintegi*ation of the solution of leaf 
green was indicated by tests made on an ethyl alcohol solution of leaf extract 
maintained in the dark for a two day period. The results obtained from this 
test showed such slight changes that they could not be noticed in a curve 
having the same scale as figure 1. 

College or William vnd Mary 

ViRGiNiv Polytechnic In.stitctk, Norfolk Division 

AND 

U. 8. Public Health Servk’e 
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HEXOSE-PHOSPHATE IN ALFALFA HAY 

S. H. Thompson, Jr., and W. E. Tottinoham 

In a search for inosite hexa-phosphate in alfalfa hay one of us (2) recov- 
ered a preparation which appeared to be a sugar phosphate. The recent 
identification of hexose-phosphates in the sugar beet and pea plants by 
Burkhakd and Neuberg (1) and Hassid (3) respectively, has renewed 
interest in the early result. 

Samples of field-cured alfalfa hay were examined from the first cutting 
in the third season. These were produced on a well limed clay loam deficient 
in potassium, with application of potassium chloride, either alone or in addi- 
tion to superphosphate.^ Each sample was separated essentially into leaf 
blades and stems, the latter fraction carrying most of the petiole tissue. 
Lipides were extracted from the ground tissue with boiling 85 per cent, 
ethanol, which should have inactivated phosphatase (1). Subsequent pro- 
cedures were based on experience of a former associate^ with yields and 
stabilities of phosphorus fractions from soybean leaves. 

The tissue was subsequently extracted with 2.0 per cent, acetic acid for 
two hours at about 12° 0. Filtration, washing, neutralization, and frac- 
tionation of the extract by means of lead were also conducted at the lowered 
temperature. Large proportions of both inorganic and organic phos- 
phorus were precipitated by neutral lead acetate. The latter fraction was 
neglected, however, owdng to limitations of time and anticipation of more 
certain results from the basic lead precipitate. Only traces of the total 
phosphorus of the stem occurred in this basic fraction in any sample and 
also in the leaf of the unfertilized crop. Leaves from the K-fertilized and 
K,P-fertilized crops contained 1.6 and 2.6 per cent., respectively, of the total 
phosphorus in the basic lead precipitate. 

The lead salts were decomposed by H 2 S and the hexose-phosphate was 
converted to calcium salt and monophosphate osazone by the procedures of 
Neuberg (4) and Robison (6). It was infeasible to obtain the melting 
point of the low yield of osazone from the unfertilized hay but this function 
gave values of 140.3° and 140.0° for the other samples. The results agree 
closely with Robison^s value of 139°. Our results appear to substantiate 
the occurrence of hexose-monophosphate in alfalfa hay, which thus survives 
the action of phosphatase in the curing process. 

Department op Biochemistry 
University op Wisconsin 

1 We are indebted to Professor 0. J. Chapman of this institution for providing these 
tsamples. 

2 Dr. H. W. E. Larson, the University of Idaho. 
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NOTES 


Seventeenth Annual Meeting. — The seventeenth annual meeting of the 
American Society of Plant Physiologists was held at Philadelphia from 
December 30, 1940, to January 1, 1941. The programs were unusually 
valuable, and the attendance at some of the joint sessions broke all records. 
The symposium of Monday, December 30, on The Structure of Protoplasm 
was without question the best symposium we have had in years. Nine 
papers were presented, covering many of the most difficult phases of proto- 
plasmic structure. The papers were masterful throughout, and worthy of 
a permanent place in the literature of plant physiology. The success of 
this symi)osium illustrates what can be accomplished by careful planning 
and integration of the discussions. Including the joint sessions, the pro- 
gram carried 82 titles, and all sessions drew attentive audiences. 

The annual diiiiier was held in the Betsy lloss room of the Benjamin 
Franklin Hotel on Monday evening, December 30, with more than 180 
present. The features were tlie Charles Reid Barnes life membership 
award, the Stephen Hales award, and the sixth Stephen Hales address 
by Dr. John W. Shive. His subject was Significant Roles of Trace FAc- 
ments in the Nutrition of Plants, This paper also served as his retiring 
president’s address. It was an exceptionally clear presentation of some of 
the interrelationships of such elements as boron and calcium, manganese 
and iron, etc., in the metabolism of plants. We hope to present this paper 
later to all members in the pages of Plant Physiology. 

To the officers of the Society, and especially to the program committee, 
composed of Dr. William Seifriz, of the Pniversity of Pennsylvania, chair- 
man ; Di*. J. T. Curtis, University of Wisconsin ; Dr. W. R. Robbins, the New 
Jers(\v Agricultural Exiieriment Station; and the secretary-treasurer, Dr. 

E. Loomis, Iowa State College, are extended sincere congratulations and 
vhanks for the unusual excellence of every phase of the program and meet- 
ing. It is not an accident when meetings are of unusual value and signifi- 
cance, but a reflection of the energy, skill, and judgment w^hich are brought 
to the program tasks. Reports of special phases of the dinner program 
are contained in subsequent notes. 

Life Membership Award. — The seventeenth Charles Reid Barnes life 
membershii) aw^ard was made to Dr. William Francis Ganono, who has 
been Emeritus Professor of Botany at Smith College, Northampton, Mass., 
since 1932. The clioice made by tlie committee, headed by Dr. H. R. Kray- 
bill, Purdue University, is a very happy one, and reflects great honor upon 
the society. Dr. Ganong was born at St. John, New Brunswick, February 
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19, 1864; he received his B.A. at New Brunswick in 1884, M.A. in 1886, 
A.B. at Harvard in 1887, and Ph.D. at Munich in 1894. He also received 
a Ph.D. at New Brunswick in 1898, and LL.D. in 1920. He became assistant 
in botany, 1887-1889, and instructor, 1889-1893, at Harvard University. 
In 1894 he became Professor of Botany and Director of the Botanic Garden 
of Smith College, a position which he held for 38 years, until his retirement 
in 1932. He was elected second president of the Botanical Society of 
America in 1908, and is a corresponding member of the Royal Society of 
Canada. Dr, Ganong was an excellent teacher, a very exacting and care- 
ful laboratory technician, inventor of many devices for physiological ex- 
periments, and a writer of textbooks and manuals which exerted a profound 
influence upon the teaching of plant physiology. 

He and Dr. Barnes were contemporaries, Barnes about 5 years older, 
and they were good friends. It is very gratifying to have Dr. Ganong 
added to the list of Charles Reid Barnes life members. 

It was at Philadelphia in 1926 that the first award was made, to Dr. 
Burton E. Livingston, of Johns Hopkins University. Since that time one 
or more awards have been made each year. Of the 17 recipients, 14 are 
living at the present time. 

Stephen Hales Award. — The seventh recipient of the Stephen Hales 
award is Dr. Philip Rodney White, of the Rockefeller Institute for Medical 
Research, Princeton, New Jersey, for his work on the tissue culture of ex- 
cised roots. Dr. White was born in Chicago in 1901, and received his 
higher education at Montana (A.B. 1922) ; the University of Washington 
(1922-1923) ; Ecole nor. d’lnst. Valence, Prance, certificat, 1924; and Johns 
Hopkins University (Ph.D. 1928). 

After short service as micro-technician in the Bureau of Plant Industry, 
1925-1926, and as special investigator for the United Fruit Co., 1926-1928, 
he became assistant professor of botany at the University of Missouri in 
1928. He was a National Research Council fellow at the Boyce Thompson 
Institute in 1929-1930, and Rockefeller Foundation fellow at the Pflanzen- 
physiologische Institut at Berlin, 1930-1931. Since 1932 he has been con- 
nected with the Rockefeller Institute for Medical Research, where his work 
has attracted wide and favorable attention. Many of his important papers 
have been published in Plant Physiology. In 1938 he received the annual 
prize of the American Association for the Advancement of Science for work 
in a collateral field. 

It is a pleasure to extend to Dr. White the ^congratulations and felicita- 
tions of his colleagues and friends who are happy to see him receive this 
well deserved honor. 
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Corresponding Member. — The American Society of Plant Physiologists 
has elected to corresponding membership, Dr. P. Boysen Jensen, Professor 
of Plant Physiology at the University of Kopenhagen. He is probably best 
knovm to American plant physiologists for his Wuchsstofftheorie und ihre 
Bedeutung fur die Analyse des Wachstums und der Wachstumshewegungcn 
der Pflanzen, which was published in 1935, and made available in English 
by Avery and Burkholder in 1936. In 1938 he also published a textbook 
of plant physiology in Danish. This work, translated into German by 
Mattick, was republished in 1939, and is a very fine statement of the fun- 
damental principles of plant physiology. lie has contributed to the litera- 
ture of the subject for more than thirty years, and first proved the exist- 
ence of growth hormones in plants. His American friends and admirers 
extend most cordial greetings and good wishes to him and his institution, 
and welcome him as a corresponding member. 

Amendments. — ^A few small changes in the constitution of the American 
Society of Plant Physiologists have become desirable. These were con- 
sidered and approved by the executive committee at Philadelphia ; the pro- 
posals will be submitted by ballot from the secretary- treasurer’s office for a 
vote on adoption, sometime during 1941. It is hoped that all members will 
be siifiSciently interested to cast a ballot for or against the changes when they 
are submitted. 

Monographs. — For many years the American Society of Plant Physi- 
ologists has desired to launch the publication of a series of monographs. 
The major i)roblem has always been financial; but it now seems possible 
that a start may be made with relatively small risks, if members will co- 
operate in the i)lan. The secretary-treasurer expects to be able to lay a 
proposition before us that will involve mainly pre-publication subscriptions 
at reduced prices. If the protoplasm symposium could be published at a 
cost of $2.00, for instance, and pre-publication subscriptions for 200 copies 
could be obtained, tlie remainder of the risk might be fioated in some other 
niamuT not involving the society’s finances. In case such proposals should 
come in concrete form, it is urged that a generous response be manifested. 
There is nothing we cannot do, if we desire it with our purse strings open. 
Success with the first venture would make succeeding ones easier to finance. 

Galleys. — ^A warning to all contributors to Piant Physiology is in order, 
that when galleys are unduly delayed, they will be set aside for the succeed- 
ing number. We now have reached the condition in w^hich the journal can 
appear on time if the delay of slow proof reading can be eliminated. Receipt 
of a set of galleys is a demand that other affairs be laid aside until they are 
again in the mails. Those who respond most promptly will be tlie ones who 
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appear in the next number, and the slow ones will be left for three months 
later. This is to avoid the nullification of the editorial speed by those who 
hold up paging by long delays in forwarding corrected galleys. 

Southern Section. — The Southeastern Section of the American Society 
of Plant Physiologists petitioned for a change in territory to coincide with 
that of the Association of Agricultural Workers, with which it meets, and 
for a change in name to Southern Section. These changes were granted at 
the Philadelphia meeting. The Southern Section will meet at Atlanta, 
Georgia, February 5 to 7, 1941. On February 6, a breakfast for the group 
will be followed by an organized round table discussion led by Dr. T. E. 
Miles, of Raleigh, North Carolina, on the general aspects of plant nutrition. 
All meetings will be held at the Piedmont Hotel. Any other information 
about the meetings may be obtained from the secretary of the section, Dr. 
T. J. Harrold, University of Georgia, Athens, Georgia. 


Necrology. — Several deaths have occurred among the members of the 
American Society of Plant Physiologists, which represent distinct losses to 
American science. The following brief biographies are memorials to those 
who have gone. 

Carl Litcas Alsberg 

Born in New York April 2 , 1877, died in Berkeley, California, October 
31, 1940. Dr. Alsberg was the son of Meinhard Alsberg and Bertha 
Baruch Alsberg. He was one of the early leaders in biochemistry, par- 
ticularly as related to agricultural products. His early education was ob- 
tained at Columbia University, and the (Wlege of Physicians and Surgeons 
of that institution. He received the A.B. in 1896, A.M. and M.D. in 1900. 
Between 1900 and 1903 he spent time abroad at the universities of Strass- 
burg and Berlin. In 1902 to 1905 he was assistant in physiological chem- 
istry at Harvard, and from 1905 to 1908, instructor in biological chemistry 
at Harvard University. In 1908 he was selected to become chemical biolo- 
gist with the bureau of plant industry in the U. S. Department of Agricul- 
ture, but in 1912 was transferred to the bureau of chemistry as chief of the 
bureau, a position he filled for nine years. 

In 1921 he went to Stanford University as director of the Pood Research 
Institute, and finally in 1937 he was invited to become director of the Gian- 
nini Foundation of Agricultural Economics at the University of California. 
This position he filled at the time of his death. » 

He was a member of many scientific organizations, and had served as 
officer and editor for several of them. As a result of his contacts and study, 
he had broad general grasp of agricultural social and economic problems. 
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His earlier scientific interests had included the nucleic acids, proteins, 
enzymes, toxicology, and oyanogenesis. One of his later contributions, 
which will be remembered by all of us, was his interesting discussion of the 
intimate structure of the starch granule, published in Plant Physiology 
13:295--330. 1938. 

Frank Marion Andrews 

Last spring the April number of Plant Physiology was dedicated to 
Frank Marion Andrews in honor of his approaching 70th birthday anni- 
versary. He was ill at the time, but it was hoped that he might regain 
strength enough to enjoy his retirement as emeritus professor at Indiana, 
which occurred in May. He liad made <*onsiderable progress, but shortly 
after the Thanksgiving season, he took cold, whi(‘h developed quickly into 
pneumonia. In his weakened condition, he was not able to overcome it, 
and died on November 26, 1940. 

The biographical sketcli published in the April number gives sufficient 
details of his work and life, so that nothing more needs to be added now. 
He is survived by Ins widow, Marie O. Andrews, and to her we extend the 
sympathy of all members of the American Society of Plant Physiologists. 

Caroline Sheldon Moore 

IVliss Moore was born at Kewanee, Illinois, February 17, 1871, died at 
Redlands, (California, May 21, 1940. She was educated at Chicago (A.B. 
1897), and spent short periods at Washington, and Oxford. Her early 
experience in teaching was ni academies in Wis(*onsin (1896-1899), and 
Illinois (1899-1901). She was connected with Mt. Holyoke College in 1901, 
and remained there until 1905. From 1906 to 1915 she was engaged in 
private teacdiing and social service work. She then went to Linfield College, 
McMinnville, Oregon, where she spent six years. She had been associate 
professor of biology at the University of Redlands since 1921. Her main 
interest, as stated by lierself, was the desmids of San Juan Islands. 


Symbiotic Nitrogen Fixation. — ^A monograph entitled The Biochemistry 
of Symbiotic Nitrogen Fixation has been published by The University of 
Wisconsin Press. The author is Dr. Perry W. Wilson, associate professor 
of agricultural bacteriology at the University of Wisconsin. It is a work 
of 302 pages, contains 34 plates, many additional text figures, and the 
discussions are presented in eleven chapters, which cover the subject in 
admirable fashion. Tlie first chapters are general, and deal with the 
nitrogen econom.A' of man and nature; and leguminous plants in agricultural 
history. Other chapters concern the biochemistry^ of bacteria; interaction 
of host and bacteria ; fixation of nitrogen by bacteria and plant ; the carbo- 
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hydrate-nitrogen relationship in nitrogen fixation ; excretion of nitrogenous 
compounds by legumes; the chemical mechanism of the fixation process; 
physical-chemical characteristics of the enzyme system; practical applica- 
tions; and concluding observations. It summarizes the literature of nitro- 
gen fixation, which occupies 32 pages of citations. This monograph is 
highly recommended to anyone interested in the permanence of agriculture 
and nitrogen fixation research. It is well written, and may be obtained 
from the University of Wisconsin Press, 811 State St., Madison, Wisconsin, 
at $3.50 per copy. Libraries also must have it as a summary of the far- 
flung literature. 

I 

Methods of Enzyme Research. — ^The Bamann-Myrback monograph on 
Die Methoden der Ferment forschnng, notice of which was given in the Octo- 
ber, 1940, number of Plant Physiology, is coming from the press of George 
Thieme, Leipzig, very rapidly. Lieferungen 2, 3, and 4 have already come 
from the press. No. 2 contains 204 pages; no. 3, 392 pages; and no. 4, 408 
pages, bringing the total issued to date to 1276 pages, or about a third of 
the entire work. The prices quoted for these three large sections are 
RM 22.80, 29.40, and 30.60 respectively, or RM 82.80 for all three. These 
are the foreign prices, and are not subject to discounts. It is not possible 
in a work of this kind to go into detail as to the contents. They must prove 
enormously valuable to all who wish to work in any field of enz^une research. 
Lieferung 2 continues the section on carbohydrates and their derivatives, 
and takes up nucleic acids and their derivatives ; proteins and their deriva- 
tives; the amides; acceptor chromogens; thiols and disulphides; conjugated 
materials; and begins consideration of substrates. Lieferung 3 takes up 
such techniques as the determination of the (»onstitution of high molecular 
weight compounds by use of enzymes, roentgenology, absorption spectra, 
Raman spectra, fluorescence, polarography, magnetics, viscosity measure- 
ments, ultracentrifuge, dielectrics, cryoscopy, osmotic methods, melting 
points, and sublimation. The last part of Lieferung 3 begins the considera- 
tion of enzymes, nomography, control of conditions, redox potentials, and 
the calculation of the free energy of biochemically important reactions. The 
fourth Lieferung continues with the methods of following enzyme effects, 
first the physical and physico-chemical methods, then the chemical methods, 
and biological methods. There is also a section on enzymic histochemistry. 

It then takes up the preparation and testing of enzyme preparations: 
dissolved enzymes, active cell preparations, especially from bacteria. This 
subject continues in the following Lieferung 5, which has not been seen. 

The work is most highly commended to all workers in these fields, and 
research libraries should consider it a ‘‘must’' item. It is hoped that the 
remainder of the work can be issued expeditiously, so as to be available to 
all investigators engaged in enzyme research. 
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Temperature. — An interesting monograph, Life and Death at Low Tern- 
peraturea, by Dr. Basile J. Luyet and P. M. Gehenio of Saint Louis Uni- 
versity, comes as the first of a series of monographs in the field of general 
physiology, edited by Dr. Luyet, and published by Biodynamica, at Nor- 
mandy, Missouri. This work does not attempt to cover the field of cold- 
hardiness in plants, nor the refrigeration of biological materials. 

It is divided into three sections: (I) The lower limit of vital tempera- 
tures; (II) the physical states of protoplasm at low temperatures; (HI) 
tlie mechanism of injury and death by low temperature. 

Part I covers the field of lower limits for infracellulars, such as vitamins 
and hormones, enzymes, enzymoids and viruses; unicellular plants and ani- 
mals; germ cells, spores and seeds; isolated cells and tissues of both plant 
and animal origin ; and the higher metaphyta and metazoa. 

The second section has a preliminary chapter on the fundamentals of 
heat conduction, and three chapters : on freezing, the frozen state and melt- 
ing; supercooling and the supercooled state; and the vitreous state, vitri- 
fication. devitrification and vitromelting. This section will remind Dr. 
Ltjyet’s many friends of the fascinating demonstrations that he has pre- 
sented before his colleagues at scientific meetings. 

The last part presents chapters on the action of cold without ice forma- 
tion; and action of cold accompanied by ice formation. 

The general bibliography, chronologically arranged and beginning in 
1736. occupies 33 pages. A subject index and author index add to the 
facility of use. 

It is a stimulating work, worthy of attention by plant and animal physi- 
ologists. whether or not one ahvays agi’ees wdth the interpretations. Cer- 
tainly the results recorded in the sections on vitrification are a distinct and 
valuable contribution to our knowledge of low’ temperature behavior of 
living matter. The fact that considerable proportions of it are reprinted 
from Biodynamica does not detract from its value. 

It contains 341 pages, 33 illustrations, and can be purchased from 
Biodynamica at $4.50 per copy. 
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The two-hundredth anniversary of the death of Jethro Tull occurred 
in the early days of Mareli, 1940, the exact date bein^ unknown; lie was 
buried on March 9, 1740, at Basildon. Berksliire, Enjrland, amid such quiet 
and lack of jniblicity tliat no public record of his death and burial place 
was made. This anniversary should not be allowed to pass by without 
refreshinji: our memories of the man. who, more than any one else, was 
responsible for the development of <renuine cultivation of the soil to im- 
prove its fertility. A celebration of tlie 200th anniversary of the publica- 
tion of his book was held at the 10th annual meeting: of the American 
Society of Plant Pliysioloj?ists in 1933. The writer’s address on that occa- 
sion was not pidilished because it was an illustrated, informal discussion. 
This memorial ])rcsents the main facts of Tuli/s life as brouji;ht out in the 
address before the Boston meetin«:. 

Jethro TulIj stands out as a jrreat leader in an aj^e of ignorance con- 
(*erning the iiroductiveiiess of the earth. As a (*ontemporary of Stephen 
Hales, he shares the honor of leading in tlie development of new ideas. 
Hales was the more scientific, Txtll the more jiractical; one foreshadowed 
the development of the fundamentals of plant physiology, the other the 
fundamentals of practical utilization of soils and crojis for human welfare. 
Both deserve a full measure of praise from present day scientists whose 
work continues, deepens, and strengthens the principles discovered by these 
pioneers. 

There were other writers in the agricultural field before Jethro Tull, 
of course. The following are a few of tliem : Fjtzherbert. author of The 
Boke of Husbandrie, in 1534; Richard Weston, with his Discourse of 
Husbandry as Used in Flanders, 1645; John Evelyn’s Terra, 1658; and 
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John Mortimer's Whole Art of Husbandry, 1707. These are the better 
known observers and recorders previous to Tull's time. 

It was Jethro Tull's belief in the soil, his originality and independent 
thinking, his keen observations, his intuitive perception of causes and 
effects, and his courageous industry in the face of great trials and difficul- 
ties that made him a great agricultural leader during the first four decades 
of the eighteenth century. It was undoubtedly accidents of life, inlieritance 
or acquisition of property, that led him away from legal, political, and 
cultural pursuits, and to a life of struggle with the forces of nature, and 
to a struggle against human inertia, stubborn ignorance of the common 
people, and the persecuitions of his detractors and defamers. The resistance 
of laborers against his innovations in practice, and his ingenious inventions, 
which required them to perform unwonted tasks, is a revealing commentary 
on the times. 

These laborers were insolent, disobedient, and hated the new pi*actices 
and the new tools. The tools were often broken surreptitiously b>' some 
sullen workman, to make them look impractical ; or parts were thrown into 
the well so that they need not be used. Careful directions for seeding and 
culture were obstinately disobeyed ; or plants deliberately destroyed to pre- 
vent success with the ex})erimeuts. If you wonder why he didn't fire such 
workmen, as we w’ould today, it is exiilained by the laws which were designed 
to protect these ignorant laborers from injustice. The landlord was prac- 
tically omied and run by the workers, w’ho could not easily be dispossessed 
of their means of livelihood for their malpractices. 

Many nasty epithets were used, to make Tull look ridiculous. After 
his book appeared his detractors tormented him with scurrilous criticisms. 
One' group of these, a society headed by one Stephen Switzer, had an 
anonymous writer who called himself “Equivocus." Tull called the whole 
set ‘‘The Equivocal Society." Earl Catiicart quotes Tull's comments on 
these tormenters as follows: “The Secret Society — the Equivocal Society — 
likewise are not content with abusing my vegetable principles, and terming 
me an atheist, but also describe me by a similitude of the most odious, 
despicable, and pestiferous animals. They also usurp the power of the 
Inquisition in damning books because not their own. And, again, they, the 
critics in question, ^seldom make use of any other logic than that of Billings- 
gate; they call me names — ^atheist, infidel, fool, mente cajitus, madman, ass, 
owl, viper, carping insect, &c, all feminine arguments of scurrility." Time 
has put these braying asses where they belong, and Tull's principles are 
immortalized in all of the arable lands of 4he earth. 

Not only was Tull beset by low-browed workers and critics ; he was ill 
most of his life, with kidney stones, and other equally painful and at that 
time incurable diseases. He developed a chest ailment for which he had 
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to spend several years in sunny Italy. In spite of pain and disease his 
mind was ever at work, thinking? up new practices, new instruments, plows, 
harrows, drills, cultivators, hoes, etc., to give more effective nourishment to 
crops, more even stands of grain, to use less seed, to secure better germina- 
tion, and a better, more fertile soil. 

His home life must }iot have been very congenial. His wife was prob- 
ably not overly sympathetic with her suffering husband; and his only son 
turned out to be a ne’er-do-well. He had no one to turn to in those moments 
when he most needed understanding and faithful, human companionship. 

It was in the midst of such harassments that his great book. The Horse 
Hoeing Husbandry, was written. He had to depend upon a scribe for the 
preparation of his manuscript from his notes; and the scribe was not care- 
ful enough to get things down in the right order. The publishers, also, 
were not sufficiently cooperative with the proofs and changes before the 
work was actually prijited. Tull explains all of these difficulties in his 
preface, and gives a clear picture of the tremendous odds against which he 
struggled. It was at the urging of many really inteiTsted and notable per- 
sonages, who visited him at Prosperous Farm, and who saw the true value 
of Tull’s exj)eriments that he at last consented to make a permanent record 
of his ideas, discoveries, and inventions. 

Turning now’ to his life story, w’hich may be told very briefly, he Avas 
the son of Jethro and Dorothy Tull. His father, Jethro, Sr., came from 
Midgliam, in the Keniiet valley, between Newbury and Reading; and his 
grandfather, Giles Tull, had been the church warden at Midghara in 1641. 

His father and mothei* moved to Basildon, in Berkshire, and w’ere living 
there when Jethro, Jr. w’as born, sometime in March, 1674. The church 
re(*ords show^ that Jethro was baptized on March 30, 1674. 

Little is knowTi of his boyhood; but when he was 17 years old he went 
to Oxford, where he matriculated in St. John’s College on July 7, 1691. He 
did not finish the course at Oxford, and a couple years later he w’as admitted 
as a law’ student at Gray’s Inn, London, December 11, 1693. He also spent 
two years at Staple Inn. He had hoped to make his contribution to jioliti- 
cal life, and was interested mainly in the principles of the English consti- 
tution, not in the practice of law’. 

After his student days had ended, he made a grand tour of the conti- 
nent of Europe. This was sometime between 1693 and 1699, and he took 
careful notes on the soils, methods, implements, vegetable productions, and 
any agricultural practices employed in the lands he visited. The culture 
of vineyards in Prance was especially enlightening, and he w’as struck with 
the idea of applying similar deep culture to all agricultural crops. 

He was admitted to the bar on May 19, 1699, after his return from his 
continental travels ; and in the autumn of that year,* October 26, 1699, was 
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married to Susanna Smith of Burtou-DaKsett, Warwickshire. There were 
five children born to them, one sou and four daughters. 

Their first home was at Howberry, Crowmarsh, just across the Thames 
from Wallingford in Oxfordshire. Here Jethro engaged in farming, and 
inventeii many of his most useful tools. The drill is believed to have been 
invented about 1701. 

After almost a decade of hard labor at Howberr;>', he moved to Pros- 
perous Farm in Berkshire. Shortly thereafter he spent three yeare, 1711 to 
1714, in Italy, as has been mentioned. On his return to Prosperous Farm, 
he made of it a living demonstration of his practical ideals. Many notables 
visited him, and carried away new hope for agriculture in the British Isles. 
The new culture was taken up in Scotland, and wherever it was diligently 
applied, great improvement of agriculture resulted. It was oidy the im- 
portunity of these interested people who saw beyond the horizons of the day 
that finally induced Tull to take up the painful and distasteful duty of 
writing his book. 

He liveil at Prosperous Farm, in the southwestern corner of Berkshire, 
for 26 years, until his death, in 1740. So little attention was paid to his 
passing away that no public record was made of his burial place ; and for 
nearly 150 years his last resting place remained unknown. But Jethro 
TulIj’s fame, shining ever more brightly out of the darkness of the early 
eighteenth century finally challenged intelligent and devoted research to 
locate his burial place. In 1889, after 20 years of patient search, the prob- 
lem was solved by Walter Money, who discovered the church I’ccord of his 
burial in the Parish Register of Basildon, which reads: “Jethro Tull 
gentleman of the Parish of Shalburne was buri(>d March ye 9th 1740. Mem. 
This Jethro Tull Esquire was the author of a valuable book on agriculture, 
entitleil Horse HusbaJidiy. CrEO: Bellas, Rector.” George Bellas was 
vicar at Basildon at the time of Txtll’s death and burial, and rector of the 
neighboring Parish of Yattenden. 

Thus the life of this great man is marked at the beginning and the end, 
not by the actual dates of birth and death, but of baptism, and burial. In 
the light of our day, Tull stands out as one of the really great benefactors 
of mankind, whose principles now form the basis of all intelligent and suc- 
cessful cultivation of the earth, and of man ’s escape from the gloomy predic- 
tions of Malthus. The breaking of the soil, the drilling of the seed, the 
fruitful yields of the fertile earth form a perpetual and enduring monu- 
ment to his genius. May we never forget how much we (me him. 

Thk XJNivBaieiTY or Chicago ' 



INHIBITION OF INCREASE AND ACTIVITY OP TOBACCO- 
MOSAIC VIRUS UNDER NITROGEN-DEFICIENT 
CONDITIONS 

blRNEBT Jj . Spences 
(with one figure) 

Introduction 

Althoujs^h viruses cause many plant diseases, little is known regarding 
their metabolism since they apparently multiply only in living tissue., Here 
it is difficult to differentiate between the metabolism of a host and that of a 
pathogen. Multiplication of viruses in vivo is a well recognized fact and 
thermal inactivation in vivo of a few viruses has been definitely established. 
No other method for the inactivation of virus in vivo has been demonstrated 
experimentally. 

in this study on virus metabolism, a knowledge of the nitrogen metab- 
olism of normal tobacco jilants and the discovery that nitrogen supplied to 
a virus-infected plant had an effect on virus concentration ( 19 ) have made 
it jiossible to distinguish 1o some extent between the anabolic and katabolic 
processes involved. It is well known ( 14 , 24 ) that in mature leaves of a 
nitrogen-deficient plant proteins are hydrolyzed and proteolytic decomposi- 
tion products liberated. These are translocated to the growing point where 
they supply the meristem with materials necessary for protein synthesis. A 
study of the effect of Avithholding nitrogen from a tobacco ])lant diseased 
with tobacco mosaic on the total quantity and specific biological activity of 
virus within the plant has thrown light on the following questions: Is the 
virus a stable entity under conditions of nitrogen deficiency, or is it subject 
to normal ])rotein hydrolysis Avith a subsequent loss in either amount or 
activity or both ? If the virus is hydrolyzed, can the proteolytic products 
then be used in meeting the normal nitrogen requirements of the plant, or 
can th(\v be reassembled into fully aetWe virus? A series of experiments 
Avere carried out in an effort to determine in what Avay tobacco-mosaic Aurus 
is affected in a nitrogen -deficient plant. Such studies have been made pos- 
sible by a combination of the techniques of growing plants in nutrient cul- 
tui*e, purification of virus by high-speed centrifugation, and estimation of 
virus activity by a modification of the local lesion method. The results of 
the studies, a partial summary of Avhich has been published ( 20 ), are 
reported in this paper. 


Experimental procedure 

Turkish tobacco plants (Nicotiana tahacum L.) Avere used as host plants 
in all experiments. Uniform seedlings in the 3- or 4-leaf stage were trans- 
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planted into 4-inch porous clay pots filled with washed, white quartz sand. 
The pots were placed in clay saucers on a bench in a j?reenhouse, the tem- 
perature of which was held between 70° and 80° C. most of the time. Three 
days after being transplanted, the plants were inoculated with fresli juice 
from a tobacco plant diseased with tobacco-mosaic virus {Marmor tabaci 
H.).^ Nutrient treatments were started at time of inoculation. Bach plant 
received 100 ml. of a complete nutrient solution every second day and water 
between nutrient applications whenever necessary. The nitrogen level of 
the solution (200 p.p.m. of nitrogen) had been found in previous tests to 
produce normal growtii con\parable to that obtained in a rich composted 
greenhouse soil. The composition of the solution, together Avitli that of a 
solution deficient only in nitrogen, reference to which will be made later, is 
given in table 1. In addition to the salts listed in the table, each solution 


TABLE I 

Composition op nutrient solutions 


Nutrient 

SOLUTIONS 

Volume of 0.5 molar stock solutions pfr liter of 

NUTRIENT SOLI^TION 

Kir«P04 

Oa(NO.02 

Mg804 

(NH.),RO. 



ml. 

ml. 

ml. 

ml. 

ml. 

Complete 

32.9 

11.0 

4.0 

5.3 

0.0 

Minus nitrogen 

12.9 

0.0 

4.0 

1 

0.0 

11.0 


was supplemented with I p.p.m. of both boron and manganese as HjBOi 
and MnS04, respectively. 

At intervals, representative plants were cut, weighed, and then placed 
in covered pans in a cold room held at - 14° C. Twenty-four hours later 
the frozen plants were minced in a food chopper. The pulp was mixed 
with 3 per cent, by weight of K2HPO4 and allowed to thaw at room tem]iera- 
tiire. The cold juice was expressed from the pulp through cheese cloth hy 
means of a small screw press and cleared of all extraneous insoluble mate- 
rials by low-speed centrifugation. Alhiuots of this juice were then assayed 
for virus activity, total protein, and total virus protein. The assay of i)lant 
proteins included all soluble protein fractions. No ac(*ount was taken of the 
insoluble fractions. 

Virus activity of juice from diseased plants was assayed hy means of the 
local lesion method ( 4 ), using bean {Phascolns vitJfjaris L. var. Early Golden 
Cluster) as the test plant ( 16 ). Although the use of this method does not 
give a measure of the absolute amount of active virus present, certain modi- 
fications have recently been made by means of which it is possible to esti- 

1 Latin names of vii-uses used in this paiier were taken from the Handbook of Phyto- 
pathogenic Viruses (6), 
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mate, usually within 10 to 20 per cent., the quantitative difference in virus 
activity between two or more samjiles. Data on this modified method and 
exi)eriments pertainin*i: to its accuracy will be published later (22). 

Total soluble protein content of juice was determined by precipitation 
of the protein by hot trichloroacetic acid. One ml. of juice was treated with 
1 ml. of hot 5 per cent, trichloroacetic acid and immediately cooled. Fol- 
lowinjr centrifupratioii, the denatured protein was dissolved in 1 ml. of 0.2 N 
NaOH, reprecipitated with 1 ml. of 10 per cent, trichloroacetic acid and 
af^ain centrifugred. The protein precipitate was transferred to a micro- 
Kjeldalil flask with 1 ml. of 0.2 N NaOH and analyzed for Kjeldahl nitro- 
<ycn by the modified method (11, 16) of Folin and Parmer (3), as follow’s: 
To the protein solution was added 2 ml. of concentrated H2SO4, 1 J?m. of 
K2SO4, 2 drops of SeOCl, and a few alundum chips. The mixture was di- 
j2:estcd for at least 5 minutes after the contents had become clear or straw-- 
colored. After the addition of 30 ml. of water and 6 ml. of 50 per cent. 
NaOH, nitrogen as ammonia was distilled over into 0.02 N HCl. All titra- 
tions were made w-ith 0.02 N NaOH, usinjj: methyl red as an indicator. Tliis 
determination included both soluble plant pi’otein and virus protein. 

The virus protein was isolated by means of an air-driven ultracentrifuj2:e 
as ])reviously described (21). Stainless steel centrifup:e tubes wwe used in 
l>lace of thin-walled (‘elluloid tubes. The content of sedimented virus, as 
measured by the virus-protein content, w-as then assayed by digestion of the 
virus protein with H2SO4, K2SO4, and SeOCl, as outlined above. 

This experiment w^as carried out durinp; September and October. Simi- 
lar experiments conducted during November and December and ajrain 
durinjr early summer pive comparable results. 

Results 

A study was first made of the effect of nitrofren starvation on youn^ 
plants show-inj? severe systemic symptoms of toba<*('0 mosaic. Starting: at 
time of inoculation, all plants were fed the comi)lete nutrient solution. Ten 
days after inoculation the plants were divided into tw^o groups. One j^roup 
continued to receive the complete nutrient solution eveiy second day. The 
other jrroup, after a thoroujrh flushin*? of the sand to remove as much nitro- 
gen as possible, w-as fed the niiniis-nitrofren solution every second day. At 
4-day intervals, representative jilants from eacli ^rroup were harvested and 
analyzed for total protein, virus protein, and Aurus activity. 

In table II are presented data pertainin**; to the g:rowth of diseased plants 
that receivetl the two nutrient treatments. Four days after transfer, the 
nitrogen-fed plants Aveighed about 15 per cent, more than those deprived of 
nitrogen. With each succeeding harA-est thereafter, the difference in size of 
plants betAveen the tAvo groups became progressively greater, until by the 
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24th (lay the nitrop:en-fed plants were nearly 5 times the size of those defi- 
cient in nitrogen. During this 24-day period, the green weight of nitrogen- 
fed plants increased about 18-fold, whereas that of nitrogen-deficient plants 
increased less than 4 times. A portion of this increase in nitrogen-deficient 
plants was probably due to the reserve of unassimilated nitrogen present in 
these plants at the time they were transferred to the minus-nitrogen 
treatment. 

Table II also shows the virus activity of juice from the nitrogen-deficient 
plants relative to that of juice from nitrogeii-fed plants of the same age at 

, TABLE TI 

Data on growth or diseased tobacco plants and ox relative virus activity of their 

JUICES, WHEN HARVESaTCl) AT INTERVALS AFTER TRANSFER TO 
THE MINUS-NITROGEN TREATMENT 


Time of 

HARVEST : 
DAYS AFTER 
TRANSFER TO 

minus-N 

TRFATMENT* 

1 Number of 
PLANTS 
HARVESTED j 

Aver kge i 

[ Green weight 

J 

»er plant 

Volume of juh'e 

EXPRESSED 

Virus AUTiviTyf 
OF N-deficient 
plants per 

+ N 

TREAT- 

MENT 

-N 

TREAT- 

MENT 

PLANTS 

N-def. 

PLANTS 

N-fed 

plants 

N-def. 

pl\nts 

1 

Ml. of 

JUICE 

Plant 

1 

days 


1 

ym. 

gni. 

w?. 

ml. 

% 

j % 

0 

20 


2,9 


2.0 




4 

J2 

32 

5.4 

4.7 

3.0 

2.8 

100 

1 93 

8 

10 

15 

9.5 

5.2 

5.5 

3.7 

64 

43 

12 j 

6 

10 

16.2 

7.5 

9.0 

1 

54 

28 

16 

5 

10 

I 24.8 

7.6 

17.8 

4.6 

87 

22 

20 ! 

5 

10 

38.2 

10.3 

26.8 

6.4 

64 

; 35 

24 

5 

7 

52.8 

13.1 

34.0 

7.0 

32 

7 









_ 

_• 



* Minus-nitrogen treatment started JO days after inoculation, 
t Virus activity relative to that of N-fed plants harvested at same time. 


each of the 6 harvests. In each case the a(*tivity of the uitrogen-fed plants 
was assumed equal to 100 per cent. The virus activity i)er ml. of juice from 
plants on the minus-nitrogen treatment for 4 days was ap])arently equal to 
that of nitrogen-fed plants. After 24 days on the minus-nitrogen treatment, 
however, the juice from these plants was only J as a(*tive on a unit volume 
basis as was that from plants receiving an adequate nitrogen supply. The 
last column in table II shows the calculated relative virus activity of the 
nitrogen-deficient plants at each of the harvests. These calculations are 
based on the volume of jui<?e expressed per plant and the relative virus 
activity per ml. As shown by the data, the difference in virus activity be- 
tween the two nitrogen treatments became greater and greater, until by the 
24th day the nitrogen-fed plants had nearly 15 times as much virus as did 
nitrogen-deficient plants of the same age. Possible explanations for this 
large difference will be discussed in a later section. 
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Data pertaining to the total-protein content and the virus-protein con- 
tent of aliquots of juice from the two sets of plants at each harvest are re- 
corded in table III. In plants receiving nitrogen, the mg. of total protein 
per ml. of juice increased at first and then decreased slightly. The low 
protein contents recorded on the 16th and 24th day were probably due in 
part to the fact that each of these harvest days was preceded by one or more 
dark, cloudy days. The decrease in carbohydrate synthesis is accompanied 
by an accelerated hydrolysis of stored proteins. In nitrogen-deficient plants 

TABLE III 

(^ONTENT OF TOTAL PROTEIN AND CONTENT AND RELATIVE ACTIVITY OF TWICE-ULTRAOENTRI- 
FUOKD VIRUS PROTEIN IN .JUICE FROM DISEASED PLANTS HARVESTED AT INTERVALS 
AFTER TRANSFER TO THE MINUS-NITROGEN TREATMENT 


Time of 

HARVEST : 

DAYS AFTER 

TRANSFER TO 

minus-N 

TREATMENT* 

Total protei n 
(mo. per ml.) 

ViRT S PROTEIN 
(MG. PER ML.) 

ACTIVTTYt OF 
VIRT^S PROTEIN 

FROM N-def. 
plants: per 

UNIT WEIGHT 

OF PROTEIN 

Activity t of 
N-def. plants 

AS CALCT'LATED 
FROM VIRUS - 
PROTEIN DATA 

N-fed 

plants 

N-def. 

PLANTS 

N-FKD 

PLANTS 

N-def. 

PLANTS 

(fays 

1 

1 


1 

1 1 

1 

I ^ 1 

% 

0 

11.1 ' 


I 2.7 * 

1 



4 

9.5 

9.3 , 

, i.o 1 

3.5 

100 1 

109 

8 

n .7 1 

8.0 

; 4.4 ' 

4.0 

71 

4.3 

12 

12.1 

6.1 

‘ 5.2 1 

3.4 

69 

24 

U> 

9.2 

5.7 

I 3.7 1 

3.1 j 

84 

18 

20 

11.1 

5.1 

4.5 

2.8 1 

88 

13 

24 

9.7 

H .7 

4.4 , 

2.4 ! 

58 

7 


‘ Miuus-nitrogon tn*atnu‘nl started JO days aftei* inoculation, 
t Virus activity relatiNo to that of N-fed plants harvested at same time. 


a steady decrease took place in the mg. of total protein per ml. This de- 
crease AN as apparently brought about by a dilution of synthesized protein 
with subse<iuent growth and not to an actual loss of protein. Evidence sub- 
stantiating this eoncUision will be presented later. The virus data show that 
in nitrogeii-fed plants the mg. of virus protein per ml. of juice increased np 
to the 12th day and tiien decreased slightly. This slight decrease may be 
due to an inadeijuate supply of nitrogen to insure a continuation of the 
same growth rate in such large plants. The mg. of Aurns protein per ml. of 
juice from nitrogen-deficient plants increased slightly at first and then de- 
creased. As in the ease of the total protein in these jilants, the apparent 
decrease is only a dilution effect. The composite protein data shoAv that at 
the last harvest 40 per cent, of the total protein in juice of the nitrogen-fed 
jilants was virus protein, whereas in juice from plants st-arved for nitrogen, 
from 60 to 65 per cent, of the total protein was Auriis protein. This yield of 
virus is lower than that obtained by Stanley ( 23 ), Avho reported a yield of 
crystalline virus equal to 80 per cent, of the total protein in the juice. No 
explanation for this discrepancy has been found. 
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The virus data discussed so far in table III indicate the virus-protein 
content in the juices from the two sets of plants but jjive no information 
rej?arding the activity of this virus protein. The fact that virus protein is 
not broken down does not necessarily imply that the virus is still active, for 
virus inactivation may not be sj’nonymous with virus disintegration. As 
Laufper and Price have recently suggested (10), virus inactivation by heat 
is not identical with thermal deiiaturation of the virus but may be one of a 
series of reactions that eventually lead to deiiaturation. In their heat stud- 
ies, carried out in vitro, virus inactivation proceeded at a faster rate than 
thermal deiiaturation. 

The 6th column of table III records the biological activity on a unit 
weight basis of virus protein from the nitrogen -deficient plants relative to 
that of virus protein from plants receiving the complete nutrient solution. 
Four days after transfer, the activities per unit weight of virus from the 
two sets of plants were practically identical. Four days later, virus from 
the nitrogen-deficient plants was only 71 per cent, as active as that from 
nitrogen-fed plants. By the 24th day virus fj*om nitrogen-deficient plants 
was only 58 per cent, as active on a unit weight basis. It might appear as 
though this value were unusually low in view of the values on the 16th and 
20th day, but a later experiment indicated that these two values were not 
representative and that the 58 per cent. Avas approximately correct. As will 
be brought out later, this loss of nearly half the activity was not ac('oni- 
panied by any detectable denaturation or hydrolysis of virus even when 
nitrogen Avas Avithheld from the plant for 24 days. 

In the last column of table 111 is sIioami the relative virus activity of the 
entire plant at each harvest, as calculated from the content of virus protein 
in the juice per plant and the relatiAT activity per unit weight of this Auriis 
protein. These calculations shoAv that after the first few days folloAving 
the transfer from the comi)lete nutrient to the minus-nitrogen treatment, the 
difference betAveen the virus activities of the two treatments increased very 
rapidly. By the time the plants had been on the minus-nitrogen treatment 
for 24 daj's, juice from these plants Avas only 7 per cent, as active as that 
from the nitrogen-fed plants. It is Avorth noting that tliese values are essen- 
tially the same as those presented in the last column of table IT. Although 
the same entity was measured in both cases, it is interesting that the two 
methods, one based on measurements with crude juice and the other based 
on measurements with purified virus, check each other so closely. In this 
connection it should be pointed out that only a small fraction of the differ- 
ence between the virus activities of the two groups of ])]ants was due to loss 
of activity of the virus on the part of the nitrogen-deficient plants. Most of 
the difference was due to an increase of virus in the nitrogen-fed plants. 

In the experiments so far reported, a number of diseased plants w^as 
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transferred to the ininus-uitro^en treatment 10 days after inoculation. In a 
second series of experiments, carried out in conjunction with those dis- 
cussed above, tests were made with plants transferred to the minus-nitrogen 
treatment 18 days after inoculation. These plants were more than 3 times 
the size of those changed at the earlier date and were growing much more 
rapidly at the time of transfer. Representative nitrogen-fed and nitrogen- 
deficient plants were harvested every 4 da 3 "s and assayed as in the first series 
of experiments. The anal^^tical data obtained are re(*orded in table IV. 

It is apparent from these data that the results obtained with the larger 
plants are very similar to those recorded with the smaller plants. The 
nitrogen-fed plants increased nearly 8 times in size during the 20-day pe- 
riod; the nitrogen-deficient plants little more than doubled in size. Size 
was measured by the volume of juice expressed, since this was roughly pro- 
])ortional to the green weight of the plants. The mg. of total protein and of 
virus protein per ml. of juice remained practically constant in the nitrogen- 
fed plants but decreased markedly in juice from the nitrogen-deficient 
plants. At the end of the experiment, 40 per cent, of the protein present in 
juice from nitrogen-fed plants was present as virus protein, whereas in the 
juice from nitrogen-deficient jdants 53 per cent, of the total protein was 
accounted for as virus protein. The virus protein in nitrogen-deficient 
plants was only 70 per (*ent. as active after the 20-da3" period on the minus- 
nitrogen treatment, but no decrease in total mass of virus protein could be 
detected. 

Tlie virus-protein data so far considered have been based entireh’' on the 
mg. per ml. of expressed juice and, as such, give onl.v a fragmentarjr picture 
of what took place within the jilants. In order to fill in the picture, it is 
necessary to consider total Aueld of virus protein and of soluble protein per 
plant as extracted in the plant juice. The yields of virus protein and of 
total soluble i)rotein in juice from plants on the two treatments at each of 
the several harvests are represented graphically^ in figure 1. 

As shown by the n])per line, the protein content of nitrogen-fed plants 
iiu'reased slowly at first while the plants were small, but as the plants became 
larger, the protein content increased more markedly. This indicated a rapid 
s.vnthesis of proteins in these plants. A similar trend was shown b.y the 
virus-])rotein content in these plants as measured at 4-da.v intervals. The 
increase appears to be more gradual, whereas in reality the percentage in- 
crease was aetuall.y much greater. In the 24-day period during the test, the 
total protein increased about 15 times — from 22 mg. to 330 mg., whereas the 
virus ])rotein increased 30 times — from 5 mg. to 150 mg. 

The graphic representation of data pertaining to the protein content of 
plants transferred to the minus-nitrogen treatment 10 days after inocula- 
tion displayed an entirely diffei’cnt trend. After a small initial rise during 
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the first 8 days on the iiiinus-iiitro<reii treatment, both the content of soluble 
protein and tliat of virus protein remained practically constant during the 
remainder of the experimental period of 16 days. These data show that the 
decrease in mg. of protein per ml. of juice, as recorded in table III, was due 
to a dilution of the protein already synthesized, with subsequent growth, 
rather than to a loss of this protein, since the protein content of the plant 
apparently remained constant. (Iraphs with a similar trend were found 
when the contents of total protein and virus protein in juice from plants 



Fig. 1. Total ])rotoiii and virus protein eontentH in juice from nitrogen-fed and 
nitrogen deficient plants nt inter\alH following inoculation with tobacco mosaic virus. 

held on the jilus-nitrogeii treatment for 18 days before being changed to the 
miiiiis-nitrogen treatment were plotted. 

From the 4 graphs in figui*e 1, obtained by plotting data from nitrogen- 
deficient plants^ it is possible to draw several tentative conclusions regard- 
ing the nitrogen metabolism of a virus-infected plant. In the first place, 
even a plant suffering from severe nitrogen deficiency is apparently unable 
to utilize, in the synthesis of its normal proteins, any of the nitrogen in the 
virus, since its non-virus protein content does not increase and its virus- 
protein content does not decrease. Some change, however, does take place 
in the virus in such a plant to render it partially inactive without bringing 
about any detectable decrease in yield of virus protein per plant. On the 
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other hand, the virus is apparently unable to utilize any measurable part of 
the soluble proteins of the plant, for these constituents do not decrease. It 
is apparent, therefore, that the plant and virus may have competed against 
each other for the nitrogen absorbed by the plant. Such an hypothesis 
would explain why a mosaic-diseased plant shows symptoms of nitrogen 
deficiency at an earlier date than does a healtli^y plant grown under the same 
condition. Part of what little nitrogen is available in such plants would be 
utilized by the virus, rendering the deficiency condition even more severe. 

Discussion 

Several workers (1,^13, 17, 23) have suggested either directly or indi- 
rectly that in a mosaic-diseased plant normal proteins may be destroyed or 
utilized in the formation of virus. This hypothesis was not substantiated 
by observations in the present study in which it was found that the content 
of normal proteins in a diseased plant receiving no additional nitrogen did 
not decrease but remained more or less constant throughout the experimen- 
tal test period. Although these observations were based on the soluble pro- 
tein content of the expressed juice, the evidence showed that in the absence 
of an external supply of nitrogen no further virus multiplication could be 
detected. This would indicate that no conversion of soluble or insoluble 
normal proteins into virus took place under these conditions. Virus may 
multiply, however, at the expense of normal ])rotein by utilizing in its 
metabolism some of the nitrogen absorbed by the plant before the plant can 
assimilate such nitrogen in the synthesis of normal proteins. 

It has been reported (13, 17) that virus protein increases and tlien de- 
creases with increasing maturity of the diseased plant. The evidence, which 
has been interpreted to show a destruction of virus, was based on the virus 
content per gm. of tissue. Similar results have been obtained (6, 18, 19) 
using crude juice. Data obtained in the present palmer indicated the sanu* 
trend, but when these data were calculated on a plant basis it was obvious 
that, in the absence of further multiplication, the virus content showed no 
decrease but remained constant. The above-mentioned ])apers do not con- 
tain sufficient growth data to permit such a calculation. The reduction per 
unit weight or per unit volume is apparently due to a dilution of the virus 
with subsequent growth of the plant and not to an actual loss or destruction 
of virus. The data' in this paper show that the activity of the virus may 
decrease under certain conditions. Such an inactivation has not been demon- 
strated previously. 

It is difficult to reconcile the results of the yu-iter with those of Risciikov 
and Smirnova (17), who reported that, in tomato plants deficient in nitro- 
gen, virus not only continued to accumulate but even reached a concentra- 
tion equal to that present in plants supplied normal amounts of nitrogen. 



SPENCER: TOBACCO-MOSAIC VIRUS AND NITROGEN DEFICIENCY 237 


The data presented here (table III and %. 1) show a niiieli higher virus 
content in nitrojren-fed plants than in nitroj^en-deficient plants. 

The partial ina(divation of tobacco-mosaic virus in a nitro<ren-deficient 
plant is interesting because of the relative stability of this virus in vitro. 
Two diseases of sugar cane, sereh disease of Java (7), and chlorotic streak 
(12), have been cured by heat treatment. The former is believed to be 
caused by a virus, but some doubt exists as to whether or not chlorotic streak 
is a virus disease (2). Eecent experiments with such well recognized viruses 
as those of aster yellows (9), peach yellows, little peach, red suture, and 
})ea<*h rosette (8) have definitely established the fact that these viruses can 
be inactivated iti viro by heat. Ross (18) lias recently reported a marked 
decrease with age of plant in virus activity of crude juice from tobacco 
plants diseased with alfalfa-mosaic virus {Marmor medicaginis H.). Since 
this de(*rease was too rajiid to be due to a diluting effect of growth, lie con- 
cluded that the virus Avas jiartially inactiA^ated. No data were re]>orted 
coiK'crning the content and biological activity of sedimentable virus protein 
in these plants. 

At jiresent writing it is impossible to advance any definite explanation 
for tln^ inactivation of virus in riro. Ross (18) believes that the virus of 
alfalfa mosaic may have been inactivated by heat, since this virus has a low 
thermal inactivation point in vitro and since the virus never reaches a high 
(‘oiK'entration in tobacco plants grown during the summer months. Such 
an ex]>lanation Avould not hold in the case of tobacco-mosaic virus, as this 
virus is one of the most stable jilant viruses so far studied, Avith a thermal 
inaidivation jioint of about 90^ C. If the virus is a Ihung entity, it is pos- 
sible that a portion may become avirulent or die out but not be disintegrated, 
thereby accounting for the loss in activity Avithout a decrease in mass. If 
the virus is a ])roteiii molecule, its biological activity may be dependent on 
the jireseuce of one or more active groups, and the loss or alteration of such 
a grouping may o(*cni* without a breaking ajiart of the macromolecule. It 
is aiiparent, hoAvever, that as far as the i)lant in a nitrogen-deficient condi- 
tion is concerned, the Aurus jirotein acts as a foreign ]>rotein since it is not 
subject to normal 3 )roteolytic hydrolysis by the plant systems. Further 
Avork is necessary to elucidate the manner in Avhich A’irus inactivation takes 
place in a nitrogen-deficient jdant. 

Summary 

Experiments Avere carried out to determine in Avhat Avay tobacco-mosaic 
vii’us is affected in a plant deficient in nitrogen. Turkish tobacco seedlings, 
groAvn in sand cultures and supplied a complete nutrient solution (nitrogen 
level = 200 p.i).m.), AA’ere inoculated Avith tobacco-mosaic Aims. Ten days 
after inoculation the plants were diAided into tAvo groups; one group (iiitro- 
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gen-fed plants) eoutinned to receive the complete solution and the second 
group (nitrogen-deficient plants) received a nutrient solution complete in 
everything but nitrogen. Representative plants from each group were har- 
vested at 4-day intervals and the expressed juice assayed for relative virus 
activity, total protein, and virus protein. 

In nitrogen-deficient plants the virus-protein content as well as the con- 
tent of soluble plant protein remained practically constant, whereas in nitro- 
gen-fed plants each increased more than 5 times during a 16-day period. 
Although no decrease in the yield of virus protein in the nitrogen-deficient 
plants could be detected, its biological activity, however, decreased more than 
40 per cent. It is not known how this inactivation was brought about. 

As far as the nitrogen-deficient plant is concerned, the virus protein acts 
as a foreign protein, for tlie virus was apparently not affected by the normal 
proteolytic processes of the })lant. Even a plant suffering from a severe 
nitrogen deficiency was unable to use, in the synthesis of its normal proteins, 
any nitrogen previously utilized by the virus. On the other hand, the virus 
was unable to utilize any nitrogen tied up in the proteins normally present 
in a nitrogen-deficient plant, for in the absence of an external supply of 
nitrogen, no further virus multiplication could be dete(*ted. 

Department of Animal and Plant Pathology 

The Rockefeller Institute for Medical Resfarch 
Princeton, Nfw Jersey 
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KESPONSE OF SEEDLINGS TO VARIOUS WAVEBANDS OF 
LOW INTENSITY IRRADIATION^ 

Robert B. Withrow 
(with THKEE FIGl’RES AND TWO PLATES) 

The most extensive investij^atioiis eoueerninj^ the influence of radiant 
enerj^y within the visible siieetrum on the j»:rowth of shoots of seedlings and 
storage organs have been eondueted by CorpiN ( 1 ), MaoDougal ( 2 ), 
Priestley ( 4 ), and Trdjmpf ( 6 ). These workers all agree that relatively 
low intensities of visible radiant energy in the range of 10 foot candles or 
l(»ss induce almost as com])lete morjihological development of the stems and 
leaves of such shoots as high intensities of many thousands of foot candles. 
When low intensities are used, the leaves become green, expand into flat 
lamina, and the portions of th(‘ stem first laid down are greatly shortened as 
contrasted with jilants grown in the complete absence of radiant energy 
where the leaves fail to develop chlorophyll, frecpiently do not expand, and 
the stem iiortions first laid down are relatively long. Many shoots, such 
as those of the red kidney bean, emerge from the germination medium with 
a well defined ])liimnlar hook, which does not completely disappear in the 
total absence of visible radiant energy. After the irradiation of the plants 
^^ith low intensities of visible radiant energy, the plnmnlar hook disappears. 

TiirMPF came to the conclusion that chlorojihyll synthesis was not 
directly coiinecded with tin' mechanism involved in the disappearance of 
those characteristics ass(»ciated with growth in the total absence of visible 
radiant energy. With short low intensity exposures he was able to secure 
leaf expansion, internodal shortening, and disajipearance of the plumular 
hook without any apparent synthesis of chlorophyll. Ilis results also indi- 
cated that it was the longer wavelengths of the visible spectrum that were 
primai-ily influential in (*ansing leaf expansion, but stem elongation was 
not greatly affected by the red. The blue was more effective in inducing 
shortening of the stem. He used relatively wide bands of the red and blue 
regions Avhich were balam-ed to equal readings with a selective radiometer. 

This j‘e])ort concerns a ])reliminary investigation'* on the influence of 
s])ectrally controlled radiant energy on the growth and development of red 
kidney bean seedlings and other iihysiologically young plants. 

1 (.Contributions from tin* Hull Botanical Laboratory 523. 

2 This work was aided in ])art by a grant from the l>i. Wallace C. and Clara A. 
Ab])ott Memorial Fund of tlic University of Chicago. 

•'* A portion of the investigation was conducted at the Hull Botanical Laboratories^ 
TTniversity of Chicago, during the winter of 1937--1938. The remainder of the investi- 
gation ivas conducted in the Department of Horticulture, Purdue University Agricultural 
Experiment Station, during the year of 1939-1940. 
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Procedure 

TJie plants were grown in a series of six eompartments 32 inelies square 
by four feet high. The compartments were arranged in two units of three 
eompartments per unit in a temperature controlled dark room having 
facilities for mounting the radiation equipment outside the room so that 
the lamps had a minimum influence on temperature. Above each compart- 
ment was built the radiation system w^hich consisted of a tray of angle iron 
for the dyed gelatin secondary filters, over which w^is suspended a 25-inch 
square glass-bottomed filter cell, eight inches deep, containing distilled 
water. Where necessary to coiujiletely remove red radiant energy, an 
additional cell of glass, 1^^^ inch deep by 24 irjches square, containing a 
concentrated solution of copper sul]>hate, was immei'sed in the primary 
filter cell. This sj’stem eliminated the necessity of free surfaces of cojiper 
sulphate solutions above the plants. The lamp equii)ment was mounted 
above the filter cells, and consisted of 15()0-watt vapor ])roof aluminum 
refiectors of the concentrating type. The details of tlie lamj) equipment 
and filter systems on five of the six compartments are ])resented in table I. 

TABLE I 

I)£T VILS or THE K \DI VTION SYSTKAfS 


Wavelength 

LIMITS, A 

Kadi\tion 

SOURCE 

PKlAr\KY 
AQUEOUS FILTER 

8E(0M)\RY FILTER 
DYED GELATIN FILM 

Blue 

4047 and 

4358 Hg 
lines 

1 400 -watt type 

TI, liigli 
pressure Hg 
arc 

10 cm. water 

1 and 

1 3 cm. —25 })er cent. 
(UiSO, '511.0 

Victoria Pure Blue 

BO and Crystal 
Violet 

Ykllow-geeen 
5461, 5770 
and 5791 Hg 
lines 

400-watt type 

Hi high 
pressure Ilg 
a re 

' 10 cm. water 

1 and 

1 3 cm. -25 per cent. 

1 f’liso, • r>H,o 

Pontamine Fast 

Yellow oflli and 
Orange (? 

Red 

6400 to ap- 
l)roximately 

9,000 ‘ 1 

continuous 

.300-watt gas- 
filled tungsten 
filament 

1 10 cm. water 

(In^soidine Y and 
Ciystal Violet — 

2 panes inch 

Corning Aklo plate 
infrared absoilnng 
glass 

Par red 

6800 to ap- 
])roximatelv 
32,000 
continuous 

150-uatt gas- 
filled tungsten 
filament 

10 cm. water 

Chrysoidino T and 
Victoria Pure 

Blue BO 

Near 

INIWARED 

7200 to ap* 
proximatoly 
12,000 
continuous 

500-watt gas- 
filled tungsten 
filament 

10 cm. water 

Orange G, Pontamine 
Fast Red 8BL, aud 
Acid Film Green 
1854 
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The sixth compartment served as a dark plot. In some of the experiments, 
the near infrared treatment was eliminated and a second dark plot included. 
Fig^ure 1 is a graph of the transmission spectra of the filter systems used. 



The energy was balaiu^ed with a thermopile which was mounted 20 cm. above 
the gravel surface and covered with a filter cell containing 18 min. of ferrous 
ammonium sulphate saturated at 22° C., as described by Pb’vnd (3). This 
filter efficiently absorbs radiant energy beyond about 8000 A. with relatively 
little absorption within tlie range of the visible spectrum. The radiant 
energy for each jilot was adjusted to the values presented in the tables of 
results. The final adjustments were obtained by placing narrow strips of 
black ])aper across the filter panes. It was assumed tentatively that the 
energy beyond 8000 A. lias little etfect, this assumption being based upon a 
])relimiuary experiment in whicli no effects were obtained with radiant 
enei'gy beyond this limit. For this preliminary exiieriment an irradiance 
of 1500 ergs per sq. cm. jier second from an incandescent lamj) source was 
filtered with 10 cm. of distilled Avater and a 8.5-mm. Corning no. 254 infra- 
red transmitting glass with transmission from 8000 A. to 12000 A. The 
results secured indicated that no appreciable effects on red kidney bean 
oc(*ur when the plants Avere irradiated A\ith these Avavelengths. 

The plant material AA’as grown in subirrigatioii graA^el <*ulture beds, 6 
inches deep by 28 inches square. Ta]> water was supplied to the beds auto- 
matically every four hours by means of a time sAviteh and a centrifugal 
pump. A pair of small fans circulated air up over the beds at a sufficiently 
rapid rate to maintain the temperature of the compartments the same as 
that of the room. The irradiation was applied continuously AA’ith no dark 
periods, except for the experiments reported in table VT, where the irradia- 
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tion was applied both eoiitinuoiisly and for ten i)er cent, of the daily cycle, 
or 2.4 hours daily. Where high humidities were used, the air was kept 
supplied with water vapor from a small spray unit placed in front of a 
large fan. The temperature was maintained at 25° C. 

Seeds of red kidney bean {Phascohi^ vulgaris) were selected for uniform 
size. The variation in total seed weight per plot in any one experiment 
was not more than 0.5 per cent. There was considerable variation, however, 
ill size of seed selected for the different experiments. The seeds were sown 
at a depth of one inch with a spacing of 2x2 inches. As soon as the 
plumular hook appeared abc^ve the gravel, the iri*adiation was applied. The 
plants were liarvested 14 days from seeding. 

Length measurements were made of the hyi) 0 (*()tyl and first and second 
internodes. The internodes in this study were nunib(Ted from the coty- 
ledon up the stem in the oi'der of development. Fresh and dry weight 
w^ere taken for the hj’pocotyl, first internode, cot^dedons, first leaves and 
roots. Those portions of the plant above the first leaves were weighed as 
one fraction. The plant material was dried for 18 hours at 100° C. in a 
forced draft oven. 

The leaf pigments were extracted with 100 ml. of acetone from 5 gin. of 
fresh leaf tissue. The relative chlorophyll concentration w’as then deter- 
mined with a visual spectrophotometer from the specific transmissive index 
of the acetone solution using the 6680 A. absorption band of chlorophyll. 

Where transfers were made to the greenhouse from the radiation rooms, 
the greenhouse temperatures were maintained at approximately 19° C. 
during the day and 13° C. during the night. The short day condition was 
9 hours long. Two long day conditions w^ere used, one with 9 hours daylight 
supplemented with 15 hours of irradiation with 10 foot candles from an 
incandescent lamp or 9000 foot candle minutes nightly. The second long 
day treatment consisted of 9 hours dayliglit supplemented wdth ecjual energy 
of 9000 foot candle minutes supplied by intermittent irradiation with 200 
foot candles on for 5 per cent, of the time or 1.5 minutes half-hourly. These 
greenhouse irradiation conditions w^ere used because they were already in 
operation in connection with other experiments. 

Seeds of pea {Pisum sativum), variety Little Marvel, were selected for 
uniform weight and sown wdth the same spacing and at the same depth 
as the red kidney bean, using the same wavebands and temperature. Length 
measurements w^re made of six internodes above the (*otyledons and fresh 
and dry weights of leaves, stems, roots, and cotyledons were obtained. The 
plants were dried at 100° C. for 18 hours. y 

Pea, maize {Zea mays) and soybean {Soya max) seeds and small potato 
tubers (Solanum iuherosum) Avere selected for uniform size and these, 
together with tomato {Lycopersicum esculentum) and cocklebur {Xanihium 
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penmylvanicum) seed, w’^ere grown under far red treatment (6800 A. to 
12000 A.), ttiid in complete darkness, all other experimental conditions being 
similar to those outlined above. 

Results and discussion 

Of the five bands of radiant energy used, the yellow-green and red caused 
the most pronounced morphological effect as contrasted with plants groum 
in llie total absence of radiant energy. The far red band produced almost 
as great an effect on the development of the plants as the yellow-green and 
red, but the blue and near infrared bands had much less effect. On the 
basis of the data in the tables, the near infrared appears to be almost as 
effective as the blue, but it should be noted that the energy of the near infra- 
red was 15 times that of the other plots. 

With the yellow-green and red bands of radiant energy, the hypocotyl 
and first internode lengths of red kidney bean were shortened (tables TI, 
111, IV, and VI) and there was an increased development of the epicotyl 
above the first internode (plate I and fig. 2). Marked leaf expansion 
occurred under these wavelengths together with the rapid disappearance 
of the idumular hook. 

ruder the blue, there was some shortening of the hypocotyl and first 
inter*no(le. The apical hook originating as a plumiilar hook, moved toward 
the tip of the ])laiit and at the time of harvest had become a pctiolar hook 
of the first leaves. Little leaf expansion occurred. Under the near infra- 
retl, the plumular hook disappeared entirely and some leaf expansion took 
place. 

The dry weights show that all of the s})ectral regions, especially the red, 
accelerated the movement of the food reserves from the cotyledons into the 
extremities of the plant, (he accelerated movement taking place both up the 
stcmi into the terminal portions of the shoot, and down into the root system. 
The dry weights of these parts in(*reased considerably over similar fractions 
of ])lants grown in complete darkness or in the other spectral regions (fig. 3). 
In ])lants grown in the complete absence of radiant energy, the hypocotyl 
and first internode, both adjacent to the cotyledonaiy node, received the 
major portion of the food reserves translocated from the cotyledons. 

The percentage of dry matter was at a maximum in the longer waA^e- 
length treatments. The toi)-r()ot ratio was at a minimum under the same 
conditions as a result of the accelerated tendency of the food reserves to 
move into the root system. 

This whole series of reactions which was brought about most effectively 
by the longer wavelengths of the visible spectrum does not appear to be 
directly related to respiration since, as shown in table IT, there does not 
appear to be any significant difference in loss of dry matter by the plants 
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as calculated from the difference between the total dry weight at harvest 
and tlie dry seed weight minus the seed coat. 

Neither do these responses appear to be related to tlie amount of chloro- 
phyll present in tlie leaf. Table II presents the relative concentration of 
chlorophyll per unit of fresh weight of leaf tissue. The highest chlorophyll 



Fifi. 2. Stem ItmgtliH of rod kidney benn seedlings exposed to oOO ergs per sq. cm. 
* second of filtered radiant cmergy of the r<*gions indicated. 

PLATE 111 

Effect of wavelknoth of radiation on the growth response of bean and pea 

Top. — B(‘ an ])lants showed the niaxinuun leaf exi>ansiou, development of the second 
internode, and the shortest hypocotyls in the yellow, red and far r(>d. In the far red, only 
a traee of eblorojdiyll develojH*d, whereas in the red, yellow and l)lue, the leuvos were quite 
green. The develo])iin*nt of the jdants under the blue nas similar to that of the plants 
grown in tlie dark with the exception of the presence of chlorophyll in those portions of the 
loaves exposed to the blue irradiation. 

C^KNTER. — Pea, showing relationships similar to those exliibited by bean, altliough the 
differences oeenrring inub'r the various spectral regions are not as marked. 

Bottom. — B(W ]>lanis Irniisferrod from the dark and fai red treatments to the green- 
house. The dark conditioned plants expanded their leaves and developed ohloro])hyU %vith 
a denser green color apparent in the long day treatment than in the short day condition. 
The plants conditioned by the far rod failed to develop chlorophyll in the leaves previ- 
ously expoM(‘d to tlie far led radiation. Those leaves in the bud at the time of transfer 
unfolded and deveiojied chlorophyll. 
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Fig. 3. Average dry weight per idant of various fractions of red kidney hean. 


TABLE II 

The growth response or red kidney bean seedlings* to a (continuous 
IRRADIANCCE OF 500 ERGS PER SQ. CM. PP:R SECOND AT 25° C. 


Plant fraction 

Dark 

Blue 

Yellow- 

green 

Red 

Far I 




liENGTII 




cm. 

cm. 

cm. 

cm. 

cm. 

Second internode 

0.1 

4.5 

10.0 

11.4 

3 3.() 

First intern ode 

1(5.6 

15.9 

11.0 

12.5 

12.8 

Hypocotyl 

32.5 

23.6 

17.9 

3 7.5 

20.3 

Total 

49.2 

44.0 

38.9 

41.4 

46.7 



Dry weight 



mg. 

mg. 

mg. 

mg. 

mg. 

Bud, second leaves and 






internode 

1 

. 7 

13 

15 

37 

First leaves 

27 

65 

99 

90 

74 

First internode 

61 

55 

31 

40 

43 

Hypocotyl .* . . 

147 

134 

83 

89 

304 

Cotyledons 

49 

42 

44 

39 

39 

Boot 

34 

40 

46 

43 

40 

Total 

319 1 

323 

316 

336 

33 7 

Percentage dry matter 

4.9 

5.6 

6.0 

6.0 

5.tl 

Mg, respired 

129 j 

125 

332 

131 

3 30 

Top-root ratio 

6.9 1 

6.0 «. 

4.9 

5.5 

6.(J 

Belative chlorophyll con- 






centration 

0 

34.5 

27.0 

16.5 

O.S 


Plants per treatment : 100. 
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concent ration appeared in the yellow-jrreen. Since the leaves were not 
expanded in the blue, only a relatively small amount of surface was exposed 
to the radiant enerjyy. In these exposed reprions the g’reen coloration 
appeared to be more intense than in any of the other plots, even though 
the extraction data, based on total leaf weight, does not show this. 

The plants irradiated with the far red were consistently nearly as fully 
developed morphologically as those in the yellow-green and red plots, but 
the leaves contained only a trace of chlorophyll. Sayre (6) has reported 
that chlorophyll is not formed to any appreciable extent by wavelengths 
longer than 6800 A. Tlie results of this experiment are in harmony with 
his (‘onclusion. (^lilorophyll synthesis therefore would not a])pear to be 
directly connected with the morphological responses obtained, since almost 
the maximum response (x-ciirred in the far red where almost no chlorophyll 
was present and a minimum response in the blue where a relatively high 
chlorojihyll concentratiou obtained. These conclusions are in accord with 
those of Trt^mpf wlio obtained similar morphological development without 
the synthesis of chlorophyll when the seedlings were treated with very short 
exi)osures to white irradiation. 


TABLE III 


The GKOWTIl RI^SFOXSI' of red kidney bean seedlings* to a < ON'l INI 01 S 
IRR\I)I\N(f OF 100 FROS PER SQ. ( M. PER SECOND VT 2,*)® C. 

\ND 2.‘> PER (I' NT. REL\TIVF TTUM1DIT\ 


PLVNT FR\( TIOV 


Second luternode 
Fii st interiiode 
Jl} poeotyl 
Total 


Pud, second leaves 
and internode 
Fust leaves 
Fust internode 
n,>"pocotyl 
Cotyledons 
Root 
Total 

Percentage dry 
matter 

Top- root ratio 


I)\RK 1 


_ 

_ 

rm. i 

cm. 

0.4 

4.1 

21.5 ) 

15.3 

23.0 ’ 

20.0 

45.5 , 

40.0 i 


ma, 1 

i xf.'/- 

1 ' 

' 0 

20 

30 

03 

53 

91 

92 

70 

54 

28 

28 

273 

269 

5.2 

5.9 I 

0.2 

0.7 1 


fELLOW- 

(JREEN 

Red 

L? NOTH 

evi. 

cm. 

9 3 

9.5 

15.2 : 

14.4 

15.4 

15.0 

.39.9 

38.9 

1)R\ WHGTIT 

mff. 


11 

13 

43 

45 

45 

43 

73 I 

i 

02 1 

1 50 

33 

1 32 

207 

202 

0.4 

0.1 

5.2 

5.5 


* Plants per treatment : 40. 
t Adjusted to 1500 ergs per sq. em. per second. 


F VR RED 


( m, 
8.9 

15.0 

10.1 
40.0 


//(//. 


i 


I 


11 

44 

49 

81 

00 

57 

282 


0.5 

5.0 


IVFR\- 

REDt 


C))l. 

5.8 

18.3 

21.0 

45.7 




9 

41 

58 

90 

54 

29 

281 


5.9 

G.8 
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Several minor experiments were conducted on the plants irradiated with 
wavelenj^ths longer than 6800 A, as obtained in the far red treatment. Since 
the expanded leaves of these plants contained very little chlorophyll, and 
were yellowish in color, they were transferred to the greenhouse to full sun- 
light nine hours daily in order to determine whether chlorophyll would be 
synthesized normally in these plants. It was found that fully expanded 
leaves previously irradiated with the far red did not synthesize any chloro- 
phyll ill seven days time (plate I). At the end of a week the leaves were 
still alive but completely lacking in green coloration. The young leaves 
which unfolded after the transfer to the greenhouse developed chlorophyll 
quite normally. Plants taken from the dark to the greenhouse expanded 
their leaves which became green. In this case, the color was more intense^ 
in the long days than in the short days, as indicated in the photograph. 
Some of the plants from the far red were placed in tap water and some in a 
complete nutrient solution, but the effect was the same in both cases. 

Trumpf likewise obtained somewhat similar results with his plants which 
developed expanded leaves containing no chlorophyll under the influence of 
short exposures to white irradiation. His plants failed to develop chloro- 
phyll in the older leaves on transfer to the greenhouse. 

TABLE IV 

The growth response of red kidney bf*an seedlings^ to a contini^ous 

IKRADI\N(T. OF 100 ERGh PER SQ. CM. PER SECOND AT 25^ C. 

AND 75 PER CENT. EEL\T1VE HUMIDITY 


PL\KT FRACTION 

Dark 

Blue 

Yellow - 
green 

Bed 

Far RED 

Jnfr V- 
REDt 


1 Length 


cw. 

1 CM. 

1 CM. 

CM. 

i cm. 

cm. 

Second iuternodo 

2.3 

' 5.5 

11.4 

11.7 

9.9 

5.5 

First internode 

23.8 

16.5 

16.4 1 

14.6 ' 

' 15.5 

18.2 

Hypocotyl 

21.6 

18.5 

34.6 

15.4 j 

16.2 

20.7 

Total 

47.7 

40.5 

42.4 

1 

41.7 j 

41.6 

44.4 




Dry weight 




wp. 


1 Wif/. 1 

wp. 1 

wp. 

mg. 

Bud, second loaves 







and internode 

o 

7 

16 

35 

12 i 

7 

First leaves 

24 

45 

56 

55 

50 

42 

First internode 

64 

63 

44 , 

37 

43 1 

52 

Hypocotyl 

81 

70 

74 ' 

73 

75 1 

83 

Cotyledons 

46 

44 

40 

42 

45 

46 

Boot 

31 

35 

42 

45 

41 

38 

Total 

248 

261 

272, 

267 

266 

268 

Percentage dry 







matter 

4.8 

5.3 

5,6 

5.7 

5.8 

5.4 

Top-root ratio 

j 5.5 

5.2 

4.5 

4.0 

4.4 

4.8 


* Plants per treatment : 25. 
t Adjusted .to 1500 ergs per sq. cm. per second. 
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TABLE V 

The growth response or pea, varity little marvel, seedlings* to a 

CONTINUOUS IRRADIANCE OP 100 ERGS PER SQ. CM. PER SECOND 
AT 25° C. AND 75 PER CENT. RELATIVE HUMIDITY 


Plant fraction 

Dark 

Blue 

Yellow- 

green 

Red 

Parked 

Infra- 

REDt 


Length 


cm. 

cm. 1 

cm. 

cm. 

cm. 

cm. 

Tiiternodo VI 

0.4 

0.8 ' 

0.9 

0.6 

1.1 

1.1 

Internode V 

6.7 

3.5 

2.8 , 

2.3 

2.9 

3,9 

liiternodc IV 

12.2 

4.6 

3.4 1 

2.9 

3.8 

6.0 

Internode III 

9.9 

6.0 

3.2 1 

1 3.6 

4.1 

6.1 

Intel node II 

2.5 

3.1 

2.0 ' 

' 2.5 

2.5 

3.0 

Internode I 

3.9 

3.8 

3.1 1 

3.5 

3.7 

3.7 

Total 

j 

35.6 

21.8 

15.4 

15.4 

18.1 

23.8 




Dry weight 




mg. 

mg. 

mg. 

mg. 

mg. 

'mg. 

Leaves 

9 

22 

28 

26 

27 

21 

Stems 

63 

41 

32 

30 

37 

41 

Cotyledons 

46 

44 

44 

37 

43 

41 

Roots 

24 

24 

1 27 

25 

27 

24 

Total 

142 

131 

1 1 

118 

134 

127 

Percentage dry 







mattei 

5.1 

5.4 

' 6.0 

5.7 

5.7 

5.1 

Top root latio 

3.0 i 

2.6 

1 2..'» 

2.3 

2.4 

2.6 


* Plants per treatment: 30. 
t Adjusted to 1500 ergs per sq. cm. per second. 


Data given in table II were seenred at 500 ergs per sq. cm. per second 
and in table III at 100 ergs per sij. cm. per second. These show the same 
general trend in all cases. It was not practical to reduce the intensity much 
further than 100 ergs and therefore intermittent irradiation was used with 
the lamps on for 2.4 hours daily so as to reduce the total daily radiant energy 
to 10 per cent, of the continuous irradiation. Height results for bean and 
pea under these conditions are given in table VI. It can be seen here that 
the differences were considerably less marked with intermittent irradiation, 
but there was still a great deal of influence on the development of the plants. 

Tables HI and IV give comparative data for results secured at 25 per 
cent, and 75 per cent, relative humidity. The same trend of morphological 
development was observed in both cases although a slightly higher per- 
centage of dry matter occurred at the lower humidity, and the leaf ex- 
pansion was not as great. The actual weight and height figures cannot be 
directly compared, however, since the initial seed weights were not the same. 

Several experiments were run with the Little Marvel variety of pea and 
a set of typical results are given in table V. The weight results were similar 
to those obtained with bean. The leaves were somewhat more fully ex- 
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panded under the longer wavelengths and the total height was less. Inter- 
node lengths show that as the internodes become further removed from the 
cotyledons, they become shorter under all wavelengths of radiant energy, 
with the greatest shortening with the yellow-green, red, and far red (plate 
III). The leaves were heavier under the longer wavelengths, and the dry 
weights of the stems less. 

Since bean plants develop with expanded leaves under radiant energy of 
wavelengths longer than 6800 A. without appreciable development of chloro- 
phyll, a number of other species of plants was grown without radiant 
energy and with this region of the spectrum applied continuously at 2000 
ergs per sq. cm. per second. As can be seen from the photographs presented 
in jilate II, the responses of all dicotyledonous plants were similar to those 
of the bean, with increased leaf expansion, shortened hypocotyl, and the 
disappearance of the plumular hook where either was present. In the case 
of maize, leaf expaJision was greatly increased under the far red. Only a 
trace of green coloration could be observed in any of these plants. 

Red kidney bean plants were grown in a preliminary experiment using a 
complete nutrient solution containing both nitrate and ammonium nitrogen. 
The same type of results was secured with a complete nutrient solution as 
with tap water. 

Summary and conclusions 

Seedlings of red kidney bean (Phaseolus vulgaris) and pea {Pisum 
safivam) were grown in gravel culture, subirrigated with tap water, in the 
complete absence of visible and near visible radiant energy, and irradiated 
with 500 and 100 ergs per sq. cm. jier second of five bands of visible and 
near infrared radiation including : blue (4047, and 4358 A. Hg lines) ; 
yellow-green (5461, 5770, and 5791 A. Hg lines) ; red (6400 to approxi- 
mately 9000 A. incandescent) ; far red (6800 A. to approximately 12000 A 
incandescent) ; and 1500 ergs per sq. cm. per second of near infrared (7200 
A to approximately 12000 A incandescent). 

Seedlings of pea, maize, soybean, tomato, and cocklebur, and sprouts of 

PLATE TV 
Far red radiation 

Influence of Jow intenBity far red radiation ((>800-12000 A.) on the morphological 
development of pea (top left), maize (top right), potatt) (center left), tomato (center 
right), soybean (bottom left), and cockle bur (bottom right). The far red caused the 
disappearance of the plumular hook in the dicotyledonous plants, a shortening of the 
hypocotyl where it was present, and increased the leaf expansion and development of the 
apical bud. Only a trace of chlorophyll occurred in the plants treated with the far red 
radiation. 
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* Adjusted to 1500 ergs per sq. cm. per second. 

t All heights multiplied by factor 1.07 for bean, and 1.10 for pea, in order to adjust the total height of the dark plants to the 
same value for continuous irradiation and for irradiation applied for 10 per cent, of the daily cycle. 
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potato were grown in the absence of radiant energy and irradiated with 2000 
ergs per sq. cm. per second of far red irradiation. 

With red kidney bean, the yellow-green and red bands caused the most 
I)ronoiinced morphological differences as compared vnth plants grown in the 
complete absence of radiant energy. The far red produced almost as great 
an effect, but the blue and high intensity infrared were much less effective. 
The longer wavelengths of the visible spectrum caused a marked increase 
in leaf size and expansion and a shortening of the hypocotyl and first inter- 
node. The dry weights of the hypocotyl and first internode were greatly 
reduced, whereas the dry weights of the root, first leaves and the epicotyl 
above the first leaves were materially greater than those of the dark con- 
ditioned plants. 

The data presented indicate that in the absence of radiant energy the 
major portion of the reserve material translocated from the cotyledons re- 
mained in those parts of the plant immediately adjacent to the cotyledonary 
node, y.e., the hypo(*otyl and the first internode. The longer wavelengths of 
the visible spectrum increased the total amount of reserves translocated from 
the cotyledons, and also greatly increased the proportion translocated be- 
yond the hypocotyl and first internode, that is, to the epicotyl above the 
first inteniode, and to the roots. The accelerated movement was consider- 
ably greater toward the apical portions of the stem than to the roots. 

It is concluded that the process is not directly related to chlorophyll 
sjuithesis, since a minimum morphological response was produced by the 
blue region with a strong development of chlorophyll, and almost a maxi- 
mum morphological response occurred in the far red where only a trace of 
cldorophyll appeared. 

Pea gave much the same type of response as red kidney bean as to total 
stem length, leaf expansion and weight and translocation of material from 
the cotyledons. 

The far red had essentially tlie same type of effect on maize, soybean, 
tomato, cocklebiir, and potato as it had on red kidney bean. The far red 
region caused a disappear an(*e of the phimular hook of the dicotyledonous 
plants, a shortening of the hypocotyl where present, an increased leaf ex- 
pansion and an increased size of roots. Only a trace of green color was 
apparent in the leaves of any of tliese plants under the far red. 

The author wishes to express his sincere appreciation to Dr. C. A. SHUi4ii 
for his many helpful suggestions during this investigation. 

Indiana Agricultural Experiment Station 
West liAPAYETTE, Indiana 



256 


plant physiology 


LITERATUKE OIT’ED 

1. CouPiN, H. Sur Jes causes de ] ^elon^atioii de la tige des plantes etiol^es. 

Compt. Rend. Acad. Sci. (Paris) 170: 189-191. 1920. 

2. MacDouoal, D. T. The influence of light and darkness on growth and 

development. Mem. New York Bot. (Jard. 2 : 1-319. 1903. 

3. Pfund, a. H. Transparent and opaque screens for the near infrared. 

Jour. Optical Soc. Amer. 29 : 56-68. 1939. 

4. Priestley, J. H. Light and growth. I. The effect of brief light ex- 

posures upon etiolated plants. New Phytol. 24: 271-283. 1925. 

5. Sayre, J. D. The development of chlorophyll in seedlings in different 

ranges of wavelengths of light. Plant Physiol. 3 : 41-77. 1938. 

6. Trumpp, D. tTber den Einfluss intermittierendes Belichtung auf das 

Btiolement der Pflanzen. Bot. Arch. 6 : 381-410. 1924. 



ABSOEPTION AND UTILIZATION OP RADIOACTIVE CARBON 
DIOXIDE BY KUNPLOWER LEAVES 

.Tvmks 11. C. Smith and Dean B. Cowie' 

(with two figitres) 

Introduction 

The absorption of carbon dioxide by leaves is one of the important steps 
in the over-all process of photosynthesis. Leaves, although unilluminated, 
absorb carbon dioxide reversibly from the surrounding atmosphere. Some 
leaves also contain considerable (quantities of carbon dioxide combined as 
carbonates and bicarbonates. Both of these properties are especially 
marked in sunflower leaves. 

Analysis of carbon dioxide absorption by sunflower leaves has indicated 
that absorption takes place in at least three different ways; by physical 
solution in the water of the sap ; by (‘hemical reaction with buffer substances 
dissolved in the sap; and by insoluble alkaline earth carbonates (7), To 
what extent each of these reactions participates in the total absorption by 
the living leaf and to what extent the absorption of carbon dioxide in the 
absence of light concerns the photosynthetic process were not ascertainable. 
When radioactive carbon became accessible a means was provided for inves- 
tigating these relations, and it is the purpose of this paper to report some 
of the results of su<*h an investigation. 

Methods and results 

Prei^akation and meast^rement of radioactive (^arbon dioxide 

The radioactive carbon was made by bombarding boron oxide with 2 
MEV deuterons in the high-voltage equipment of the Department of Ter- 
restrial Magnetism of the Carnegie Institution of Washington (8). The 
oxides of carbon were removed from the boron oxide glass by heating and 
were converted completely into carbon dioxide by combustion over copper 
oxide (9). Ordinary" carbon dioxide was used as carrier for the radioactive 
gas. The radioactive carbon dioxide was purified by solution in potassium 
hydroxide followed by liberation with lactic acid. Extraneous gases were 
removed from the alkaline solution by evacuation before addition of the 
acid. In this way samples of pure carbon dioxide were obtained. 

In this paper the term radioactive carbon dioxide'’ is used to denote 
carbon dioxide to which a sample of radioactive carbon dioxide has been 
added for indicator purposes. The radioactivity of the resulting mixture 

1 Research Fellow, Nalional Cancer Institute, National Institute of Health, United 
States Public Health Service. 
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enables the reactions of this particular sample of gas to be followed quanti- 
tatively. The term radioactive is preferred to the terms labeled’’ or 
tagged,” since the tw^o latter terms are not specific and apply to samples 
containing mass isotopic indicators as well as radioactive isotopic indicators. 

For determination of the radioactivity of the carbon dioxide, a measured 
quantity of the gas was drawn into an evacuated flask containing 5.00 ml. 
of N potassium hydroxide. The alkaline solution containing the radioactive 
carbonate (4.00 ml.) was pipetted into a hard rubber cup, 4.5 cm. in diam- 
eter and 0.5 cm. deep. After being covered with a 0.1-mm. aluminum foil, 
the cup was placed in pqsition under an ionization chamber attached to a 
Lt^tz-Bdelmann" electrometer (1) by means of which the radioactivity was 
measured. 

In order to increase the reproducibility of the determinations of radio- 
activity, the inside of the cup was paraffined to prevent creeping of the 
solution and the .surface of the alkaline solution was touched with a wire 
moistened with olive oil to eliminate certain objectionable surface-tension 
effects. 

The radioactivities of the various fractions of carbon dioxide obtained 
during the course of an experiment were compared by referring them to a 
common time by means of the half-life constant, 20.35 minutes. This half- 
life constant was determined by a .series of separate experiments under the 
conditions just described and is probably accurate to within dr 0.23 minutes. 

Carbon dioxide exchange in sunflower leaves in the dark 

From the previous work (7) it appears that sunflower leaves contaiii a 
considerable quantity of carbon dioxide combined in the form of salts. 
These may constitute a reservoir of carbon dioxide potentially available for 
photosynthesis. In order to determine whether the carbon dioxide absorbed 
from the surrounding atmosphere becomes a part of this reservoir the fol- 
lowing experiment was performed. 

Sunflower leaves (10.00 gm.) were cut into pieces with an area of about 
one square inch. These pieces were put into a reaction flask attached to a 
manometer-pump system .similar to that previously described (7). The 
flask was immersed in a constant-temperature water bath maintained at 
15.0° zt 0.1° C. After the flask containing the leaves had been exhausted 
by means of a Sprengel pump, a known volume of radioactive carbon 
dioxide was admitted to the flask. (The apparatus used in these experi- 
ments differed from the one previously described (7) in that the gas intro- 
duced into the reaction vessel was measured volumetrically rather than 
manometrically.) By comparing the change in pressure produced with the 
change caused by introduction of the same volume of an insoluble gas 
(nitrogen) the amount of carbon dioxide absorbed by the leaves was calcu- 
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lated (table II). The amount of carbon dioxide which reacted chemically 
(table II) was estimated by subtracting? the amount physically dissolved in 
the sap of the leaves from the total amount absorbed. The amount of carbon 
dioxide physically dissolved by the sap of the sunflower leaves was calcu- 
lated from the water content of the leaves, the partial pressure of the carbon 
dioxide in the flask at equilibrium, and the solubility of the carbon dioxide 
in the sap, 0.926 ml. per jrm. of water, per atmosphere of carbon dioxide 
pressure, volume reduced to standard conditions (7). 

The carbon dioxide juimped from the reaction flask by means of the 
Sprengel pump and collected in another gas buret (table I) accounted for 
all of the carbon dioxide admitted initially to the reaction flask. The radio- 
active carbon dioxide recovered by pumping was less than the amount intro- 
duced. In all cases the amount retained is a larger proportion of the amount 
introduced than the i)roportion retained by an equal weight of water. 
These results indicate that an exchange of carbon dioxide takes place within 
the leaves. 

By acidification of tlie leaves, it was shown that some of the radioactive 
carbon dioxide absorbed from the atmosphere had replaced carbon dioxide 
in carbonates and bicarbonates. After the absorption experiments had been 
completed, and as much as possible of the carbon dioxide had been removed 
by evaiuiation, the leaves were treated w’ith 10 ml. of 6 N hydrochloric acid. 


TABLE I 

Retention of <. \rbon dioxide by si n flower leaves and by water 


Material 

tested 

1 

Pressure 

VO, 

Volume 

intro- 

DUI’ED 1 

1 

Volume 

REMOVED 

Radioac- 
tivity IN- 
TRODUCED 

Radioac- 

tivity 

REMOVED 

Percentage 

RETAINED 


atm. 

mJ. 

ml. 


iinitsi 



0.2620* 

13.51 

13,85 

2429 

2289 

5.76 

Suntiower 

0.2645* 

14.08 

14.73 

1 1132 

1042 

7.95 

leaves, 

0.2870 1 

1 14.72 

15.13 

1 748 

728 1 

2.76 

10 grams 

0.5608 

27.79 

28.28 

876 

790 , 

9.75 

fresh 

0.6124* 

30.96 

31.57 

7824 

6691 1 

14.48 

weight 

0.6520* 

32.16 

1 32.72 

1 5427 ‘ 

5267 

2.95 


0.7139 1 

1 

1 35.34 

35.55 , 

1 

1 1155 1 

1074 1 

7.01 

Water, 

0.2351 

11.12 

11.17 , 

, 1511 

1484 1 

1.82 

10 ml. 

0.4686 1 

i 22.15 

22,34 

6322 

6620 1 

-4.72 


* The measuring cell in those experiments w«s covered with cellophane, 
t The units of radioactivity are entirely arbitrary and have no absolute significance. 
The units used in any one experiment are consistent and comparable. 


The carbon dioxide liberated (table II) was pumped from the reaction flask 
and its radioactivity determined. This gas contained considerable quan- 
tities of radioactive carbon dioxide (table II) which must have been retained 
by the leaves in the form of carbonates and bicarbonates. 
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Separate tests showed that 10.00 ml. of water when pla<‘ed in the reaction 
vessel retained only a small quantity of the radioactivity introduced into the 
reaction system. The test was made by pumping from the water as much 
as possible of the radioactive carbon dioxide, adding? sodium carbonate to 
the water, and liberating the carbon dioxide with hydrochloric acid. This 
carbon dioxide was recovered by pumping, and in two experiments was 
shown to contain 1.47 and 0.21 per cent, of the activity initially introduced, 
corresponding to 0.16 and 0.05 ml., respectively. 

Still further evidence for the exchange of carbon dioxide within the leaf 
was the observation that leaves which had been saturated with radioactive 
carbon dioxide retained their radioactivity after evacuation and after stand- 
ing in the dark for as long as two hours. 

One sample of leaf discs which had been saturated with radioactive 
carbon dioxide contained 82 units of radioactivity. After evacuation and 
flushing flve times with ordinary carbon dioxide, this sample still contained 
23 units of radioactivity, or 27 per cent, of the amount initially absorbed. 
This approximates the amount retained in the absorption experiments the 
results of which are recorded in table II, /.c., 22.7 per cent, (average value). 

Another leaf sample, saturated with radioactive carbon dioxide and 
stored in the dark for 129 minutes, possessed the following activities: initial 
activity, 1195 units; activity after storage, 212 units; activity after acidifica- 
tion, 9 units. That most of this activity w^as retained in the leaf as car- 
bonate, or bicarbonate is shown by the large loss of activity on treatment 
with hydrochloric acid. 

From the results reported in table II it is apparent that the amount of 
carbon dioxide retained closely parallels the amount of carbon dioxide tliat 
had reacted chemically in the leaf. If a reasonable explanation of tlie 
mechanism of the exchange can be obtained it may provide insight into the 
carbon-dioxide-absorption process, for these two processes are undoubtedly 
closely allied. 

A reasonable conception of the absorption and exchange processes has 
been obtained from the experiments on the reversible absorption of radio- 
active carbon dioxide. According to this conception, of the total carbon 
dioxide absorbed (a), a portion (r), combines chemically with certain con- 
stituents within the leaf. Part of this combines with buffer substances dis- 
solved in the sap of the leaf, and another part (/r) reacts with insoluble 
carbonates. The latter is thus dissolved in the leaf sap. There is already 
present in the leaf sap a residual amount of bicarbonate (h)j with which the 
absorbed carbon dioxide and bicarbonate ioh formed by dissolution of the 
insoluble carbonates, are pooled. The amount of exchange (e) observed is 
the ratio of the amount of carbon dioxide retained on evacuation to the total 
amount in the pool at equilibrium multiplied by the total amount absorbed. 
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TABLE II 

THK EX('HANGK of TARBON dioxide in felJNFLOWER LEAVK8 


Pressttrk 


Volume op carbon dioxide 


Exchange 

C'O. 

j 

Absorbed 

Reacted 

Retained! 

Liberated 

CALCULATED 

1 

atm. 

ml. 

mL 

ml. 

ml. 

ml. 

0.262* 

3.46 

1.50 

0.95 


0.92 

0.265* 

3.95 

1.81 

0.69 

19.2 

1.07 

0.287 

3.73 

1.59 

0.94 

28.3 

0.97 

0.561 

6.37 

2.23 

1.54 

28.3 

1.38 

0.612* 

7.51 

3.10 

1.76 

33.2 

1.80 

0.652* 

7.37 

2.53 

1.48 

19.3 

1.55 

0.714 

8.15 

2.87 

1.72 

32.4 

1.74 


* Measurpineiits of radioactivity made with cup covered with cellophane window. 
In others an aluminum window was used. 

t The amount retained was calculated from the amount of radioactivity liberated with 
acid after removing as much as possible of the caiboti dioxide by pumping. 


The aJgebraic equation rej)resenting this eoneeption of the exchange 
process is 

b’\fr 
b {-fr \ a 

The amount of exchange calculated by tliis expression agrees well with the 
amount of exchange observed (table II). In the algebraic equation the 
values assigned to b and / are 0.20 and 0.70 ml., respectively. The values of 
a and r are taken from table II. 

While direid evideu(*e concerning the chemical nature of the insoluble 
substance in the living leaf which reacts with carbon dioxide (rei)resented 
by the term fr) is not available, its chemical nature may be deduced indi- 
rectly. Previous work on killed sunflower leaves indicated that this in- 
soluble carbonate was calcium carbonate (7). If this is the case, the ex- 
perimental results obtained from the exchange reactions when substituted 
into the expression for the solubility product of calcium carbonate should 
yield a value for this constant which is in reasonable agreement with the 
values already reported. Inasmuch as the values obtained (table III) agree 
with the solubility product of calcium carbonate it may be assumed that the 
active substance is calcium carbonate. 

The expression for the solubility constant of calcium carbonate is 
(Ca-) ♦ (HCO;)^»A^" 




tip 


■where the qxiantities in parentheses represent the actmties of the com- 
ponents ; K"/K' is the ratio of the secondary to the primary ionization con- 
stant of carbonic acid; and K,p is the solubility product of calcium car- 
bonate (3). 
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Assume that the concentration of the calcium ion is equal to tlie sum of 
the value /r, converted to moles per liter, plus the residual calcium ion 
present in sunflower-leaf sap (approx. 0.015 moles per liter). The total 
concentration of the calcium ion is shown in table III. 

The bicarbonate ion was assumed to be equal to the sum of : the residual 
bicarbonate ion remaining fixed in the sap of the leaves (term b, equation 
A) ; the amount of carbon dioxide which reacted chemically, designated c 
(table II) ; and the amount brought into solution by dissolution of the in- 
soluble calcium carbonate, /r. Algebraically this sum is fc i c f/r, the val- 
ues of which are given in table III. 

The concentration of the dissolved carbon dioxide was calculated from 
the partial pressure of the carbon dioxide and its solubility in water at 15°, 
0.0454 mol./kg./atm. (2). 

At the ionic strength of sunflower-leaf sap, 0.2434 (7) the activity coeffi- 
cient of calcium bicarbonate is 0.49 (3). The ratio K"/K' is 1/9100 (3). 

By substitution of these values into equation B the following expression 
is obtained 

[ 0.49 (/r 4 0.015) J [0.49 (b -i c ^ /r)]^ ^ 

^ ■ 9100 (0.0454) Pooj “ 

from which the values of K,,, reported in table ITT, w’ere calculated. The 

TABLE III 

Calculation of the sollihlity pkoduct op the insoluble metal c\rbon\tk, pkfsum 

ABLY calcium CARBONATE, FROM THE OBSKRV\TIONS ON \BSORPTION AND 
exchange OF CARBON DIOXIDE IN SUNFLOWER LEWES 


Pressure 

CO, 

1 

fr. ^ Ca 

Bicarbonate 

Carbonic acid 

/l sy* 

aim. 

M/L 

M/L 

M/L 


0.262 

0,02124 

0.01578 

0.01189 

5.7 

0.265 

0.01858 

0.01488 

0.01203 

4.4 

0.287 

0.02077 

0.01582 

0.01,303 

5.2 

0.561 

0.02529 

0.02392 

0.02547 

7.3 

0.612 

0.02679 

0.03032 

0.02778 

11.5 

0.652 

0.02429 

0.02462 

0.02960 

6.4 

0.714 

0.02612 

0.02836 

1 0.03242 

8.4 




Aver;ijj(* 

7.0 


average value obtained for the solubility product is 7.0 x 10 at 15.0° C. 
This is in good agreement with the value obtained by Freak and Johnston 
which, extrapolated to 15° C., is 7.14x10“**. Prom the agreement between 
the solubility product calculated from thfe. data obtained from sunflower 
leaves and the solubility product found from physico-chemical measurement, 
it is apparent that calcium carbonate participates to an appreciable extent 
in the absorption of carbon dioxide by living sunflower leaves. 
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Additional evidence that the exchange in sunflower leaves may be almost 
completely accounted for by reaction of carbon dioxide with calcium carbo- 
nate is obtained from experiments in which leaf discs were saturated with 
radioactive carbon dioxide at about 5^ C. and atmospheric pressure and then 
stored in air in the dark until all the free carbon dioxide had diffused out 
of the leaf. Referred to 10 gm. of leaf material, the amount of radioactive 
carbon dioxide retained, 2.49 ml., agreed well with the amount calculated 
from the solubility of calcium carbonate under the conditions obtained in 
the leaf, viz., 2.65 ml. The amount of calcium carbonate potentially in- 
volved in the dissolution and exchange process corresponds to about 10.8 ml. 
of carbon dioxide. This is somewhat less than the total amount of carbon 
dioxide obtained from 10 gm. of sunflower leaves on acidification (table II) 
but this discrepancy ma}- be due to incomidete mixing of the i)recipitated 
calcium carbonate witli all of the calcium carbonate contained in the leaf. 

substitution of experimentally determined quantities in equation A, 
it is possible to calculate the amount of carbon dioxide absorbed by calcium 
carbonate in the leaf, /r. Subtraction of this quantity from the total 
amount of carbon dioxide absorbed chemically gives an estimate of the 
amount of carbon dioxide absorbed by buffer substances. The A^alues so 
calculated were found to be : 

Pcoj. 0.262 0.263 0.287 0.561 0.612 0.652 0.714 atm. 

Buffer abs. 0.39 1.17 0.56 0.40 1.00 0.88 0.89 ml. 

Ill general the amount of carbon dioxide absorbed by buffers increased with 
increase in the partial jiressure of the carbon dioxide. So far the nature of 
the buffer system has not been determined completely. 

The pII of sunflower-leap sap 

From the data at hand it is possible to estimate the pH of tlie sap within 
the sunflower leaf. The ionization constant of carbonic acid has been re- 
ported in a previous paper, where the exi)ression relating it to tlie pH of 
sunflower-leaf sap, expressed from the leaf, has been given. The ecpiation 
was found to be : 

(D) pH -6.425 r 1.343- 0.177 -pHCO, . pIVoa 

(1.343, - logarithm of the solubility of carbon dioxide; 0.177, -logarithm 
of the activity coefficient of bicarbonate ion; and 6. 425, - logarithm of the 
ionization constant of carbonic acid). As is shown in table III, the total 
bicarbonate ion concentration in the sunflower leaf is known at various 
partial pressures of carbon dioxide. By substituting the appropriate func- 
tions of the bicarbonate ion concentrations and of the partial pressures of 
the carbon dioxide in equation D the values of the pH of the sunflower-leaf 
sap have been calculated. 
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P002 

0.262 

0.265 

0.287 

0.661 

0.612 

0.652 

0.714 

pH calc. 

6.37 

6.34 

6.33 

0.22 

6.29 

6.17 

6.19 

pH saj). 

6.35 

6.34 

6.32 

6.10 

6.07 

6.05 

6.02 


Comparison of these values with the values obtained by direct measure- 
ment of expressed sap, obtained in the previous investigation (7) and inter- 
polated to the same partial pressure of carbon dioxide, shows that reasonable 
agreement exists between the two results, and that the intact leaf is a better 
buffer than the expressed sap. 

Assimilation of carbon dioxide by i^nillitminated leaves 

Unilluminated leaves combine chemically with carbon dioxide. This has 
been demonstrated by observing a ^‘dark pick-up’’ of carbon dioxide imme- 
diately following photosynthesis by wheat leav^es ( 4 ) and also by observing 
the carbon dioxide absorption by leaves from a number of species of plants 
under equilibrium conditions of carbon dioxide pressure (7). Tn sunflower 
leaves this chemical absorption is accomplished largely by reaction with 
buffers and insoluble carbonates, presumably calcium carbonate. Besides 
this, however, another type of absorption takes place in the dark in which 
carbon dioxide bei'omes bound much more firmly than in carbonates. Our 
experiments, as well as the earlier ones of Ruben, Kamen, and their asso- 
ciates (5, 6) have demonstrated this by the use of radioactive carbon dioxide. 
This absorption has been attributed to the formation of organic compounds 
which supposedly contahi the radioactive carbon in carboxyl groups (6). 
Our experiments have given no definite knowledge con(*erning the nature 
of the compound formed by this reaction. 

The leaf discs (4.5 cm. diameter) to be treated with radioactive carbon 
dioxide were placed in a test tube, evacuated with a Hyvac pump, and satu- 
rated with radioactive carbon dioxide at atmospheric pressure and at about 
5° 0. The leaf discs were freed from all carbonates by acidification with 
2 ml. of 6 N hydrochloric acid and evacuation with an aspirator piiinj), 
warming the mixture in a water bath during the evacuation. All manipu- 
lations previous to the acidification were carried out in the dark. 

The radioactivity of the leaf residue and acid solution was determined. 
Any activity observed was ascribed to noncarbonate, radioactive carbon. 

The amount of noncarbonate, radioactive material usually formed in 10 
gm. of fresh sunflower leaves by one treatment with radioactive carbon 
dioxide corresponded to absorption of approximately 0.304 ml. of carbon 
dioxide. The product formed is completely soluble in water. The radio- 
active carbon is bound so that it cannot be treed by hydrolyzing the mate- 
rial for a few minutes with either warm acid or alkali. 

Only traces of this material were formed by leaves killed by freezing 
previous to the absorption of radioactive carbon dioxide, although freezing 
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subsequent to absorption did not destroy the material formed. It is prob- 
able that killing destroys the ability of leaves to form this material. 

The amount of radioactive, noncarbonate material does not increase with 
time of contact between leaves and radioactive carbon dioxide, at least after 
fifteen minutes, as the following experiment shows: Four samples of sun- 
flower leaves were kept in an atmosphere of radioactive carbon dioxide for 
varying lengths of time. These samples were removed from the radioactive 
gas at the time intervals indicated and were tested for radioactivity after 
acidification. From the data obtained it is apparent that no significant in- 
crease in the amount of noncarbonate compounds was observed after the first 
fifteen minutes. How short a time is necessary to reach the maximum con- 
centration has not yet been determined. 


Interval of Htojage (minutes) 

15 

29 

44 

59 

Logarithm of activity referred 

1.70 

1.76 

1.71 

1.74 

to common time 

1.63 

1.76 

1.68 

1.76 


In a single ex])erinient when the leaf was saturated with ordinary carbon 
dioxide before evacuiation and exposure to an atmosphere in radioactive 
(*arbon dioxide, less than the average amount of radioactive carbon dioxide 
was fixed : averagt^ amount fixed, including several determinations not listed 
in table IV, 0.0398 ml.; amount fixed after pre-treatment with ordinary 
carbon dioxide, 0.0198 ml. (table TV). 

There is indi(*ation that in the living leaf exchange takes place between 
ordinary carbon dioxide and the noucarbonate radioactive carbon fixed in 
the dark. In order to prove this (‘onclusively, however, more critical experi- 
ments need to be performed (table IV, note c). 

Multiple saturation with radioactive carbon dioxide increased the amount 
of noncarbonate radioactive compound. In one experiment when three 
discs of leaves (apj)rox. 1.29 gm.) were evacuated and saturated three times 
with radioactive carbon dioxide; 0.0841 ml. of carbon dioxide was fixed as 
iioncarbonate carbon whereas the average amount fixed by a single satura- 
tion was 0.0393 ml. (table IV). 

Three types of exchange reaction suggest themselves: (1) a statistical 
exchange with a compound completely dissolved in the sap of the leaf; (2) 
an exchange depending on the dissolution of some material by increased 
partial pressures of carbon dioxide; and (3) an exchange brought about by 
alternate dissociation and formation of some compound caused by alternate 
evacuation and saturation with carbon dioxide. 

Analysis of these three possibilities, taking into account the data ob- 
tained by multiple saturation with radioactive carbon dioxide and also the 
solubility of carbon dioxide in the sunflower leaf, makes it seem unlikely 
that a statistical exchange takes place with a compound (completely dissolved 
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in the sap of the leaf. The other two possibilities appear to be much more 
reasonable. A choice between these two cannot be made from the data 
available at the present time. 

Tentative estimates of the amount of compound potentially capable of 
exchanging carbon dioxide in this way yield a value of from 0.004 to 0.005 
moles per kilogram of fresh sunflower leaves. In this calculation it was 
assumed that the reaction takes place between equimolecular quantities of 
the two reactants. 

TABLE IV 

COMPARISON OF CARBONATE AND NONCARBONATE FIXATION OF CARBON DIOXIDE BY 
UNILLUMINATED SUNFLOWER LEAVES 

Volumes of carbon dioxide 


Initially absorbed 

Retained on storage 

Retained on acidification 

ml. 

ml. 

ml. 

1.112 


0.0302 

0.793 


0.0367 

0.983* 


0.0198 

1.205 

0.329 1 


1 

o.im 

0.0168 

1.807J 1 


0.0841 

0.546 

0.246 

0.0178 

0.679 

0.322 

0.0298 

2.733 

0.388 

0.0226 

1.138 

0.361 

0.0294 

1.045 

0.463 

0.0656 


* Initially pretreated with ordinary carbon dioxide. 

t Pretreated initially with ordinary carbon dioxide and then saturated with radioac- 
tive carbon dioxide, evacuated and swept out once with air. 

t Same as t but swept out an additional three times with ordinary car)>on dioxide. 
i Saturated three times with radioactive carbon dioxide. 


In table IV a comparison is made of the amount of radioactive carbon, 
in terms of carbon dioxide, retained by sunflower leaves after storage and 
after acidiflcation. The amount retained after acidification (noncarbonate 
carbon) is roughly 10 per cent, of the carbonate carbon. The amount of 
carbonate carbon dioxide may be obtained by subtracting the values listed 
in column 3 from the corresponding values in column 2. The amount of 
radioactive carbon dioxide measured initially is of little significance because 
of the differences in the amount of diffusion of the gas from leaves occasioned 
by the transfer of the leaves to the measuring vessel. 

Photosynthesis 

One of the chief purposes for investigating the absorption of carbon 
dioxide by leaves is to determine how carbon dioxide absorbed from the air 
becomes involved in the photochemical reaction of the photosynthetic process. 
By the use of radioactive carbon dioxide it has been possible to demonstrate 
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that leaves can utilize for photosynthesis carbon dioxide which has already 
been absorbed by the leaves. In this way it has been shown that the absorp- 
tion of carbon dioxide by leaves for photosynthetic use is independent of the 
photochemical reaction. Since the photosynthesis of carbon dioxide already 
contained within the leaf can be followed, and since it is possible to differ- 
entiate between different types of combination of carbon dioxide within the 
leaf, it may be possible to determine which fractions of the carbon dioxide 
are used in the photosynthetic process. 

Sunflower leaves (discs 4.5 cm. diameter) were saturated in the dark with 
radioactive carbon dioxide at one atmosphere pressure and about 5° C, The 
discs were removed from the radioactive carbon dioxide and as quickly as 
possible brought into sunlight. After fifteen minutes of insolation the discs 
were acidified with hydrochloric acid and the liberated carbon dioxide re- 
moved by warming in a vacuum. The radioactivity of the acidified leaf 
residue and the solution from the insolated leaves was in two experiments 
1.49 and 8.03 times the radioactivity of the noninsolated leaves. 

Evacuation of leaves after they had been saturated with radioactive 
carbon dioxide reduced the amount of radioactive carbon fixed by illumina- 
tion. In one experiment the reduction was from 8.14 to 1.35 arbitrary units. 
(The units used were the ratios of the radioactivities of the illuminated to 
unilluminated leaves, measured after acidification.) 

Leaves depleted of their easil}^ removable carbon dioxide, by permitting 
this fraction to diffuse into the atmosphere in the dark, also showed de- 
creased photos;^nithesis. The amount of radioactive carbon fixed by illumi- 
nation was less, the longer the time the leaves were stored in the dark 
(table V). 

TABLE V 

EFFF.CT of (’ARBON mOXlDR DU FI SION ON THE AMOUNT OF PHOTOSYNTHESIS 


Interval 

IN DARK 

Carbon dioxide cont vined 

Noncabronate 
carbon fixed 

Illumi- 

nation 

Total 

Mobile 

Total 

Photo- 

synthesis 

mm. 

ml. 

ml. 

ml. 

ml. 

min. 

0.0 

0.363 

0.298 

0.0397 

0.0370 

81 

16.7 

0.156 

0.0911 

0.0141 

0.0114 

25 

30.2 

0.0981 

0.0337 

0.0119 

0.0091 

25 

109.8 

0.0644 

0.000 

0.0027 ! 

0.000 

0 

1 

0.0 

0.468 

0.348 

0.0245 

0.0147 

15 

19.0 

0.149 

0.029 

0.0152 

0.0054 

15 

59.4 

0.120 

0.000 

0.0098 

0.000 

0 

0.0 

0.620 

0.464 

0,0392 

0.0173 

15 

17.1 

0.173 

0.019 

0.0247 

0.0028 

15 

69.7 

0.154 

0.000 

0.0219 

0.000 

0 
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From these experiments it is apparent that removal of the loosely bound 
carbon dioxide decreases the amount of photosynthesis, although it is not 
clear whether the decrease is due to loss of free carbon dioxide or to a dimi- 
nution of some easily dissociable compound. 

Rate of photosynthesis. — Rate measurements of the photosynthesis of 
radioactive carbon dioxide showed that most of the fixation occurred in the 
first few minutes of illumination (fig. 1). This is not surprising in view of 



10 20 30 40 50 

Minutes of Illumination 


Fig. 1. Bate of pliotoaynthesiB of radioactive carbon dioicide contained within the 

leaf. 

Experimental points marked alike belong to the same series of measurements. The 
points marked with an open circle, 0> were obtained by solar illumination ; all other points 
i\ere obtained by illumination with a 500-watt Mazda lamp. 

the dependence of photosynthesis on the content of radioactive carbon 
dioxide within the leaf. As may be seen from table V this amount decreases 
very rapidly with time. The rate measurements were made in the following 
manner. 

Discs cut from sunflower leaves (4.5 cm. in diameter) were saturated 
with radioactive carbon dioxide and th^ illuminated. The discs were 
placed on blotting paper which was saturate with water and laid in a brass 
pan. This pan was set on four supports in another pan of water ; this ar- 
rangement retarded the loss of water from, and excessive heating of, the 
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leaves. A glass shield was supported over the leaves in order to leave a 
eonsiderable space for air circulation. Another glass plate mounted on four 
tall legs covered the whole assembly. Air blown through the assembly cut 
down the heating effect and quickly removed any radioactive carbon dioxide 
which diffused out of the leaves. The results of these experiments are shown 
in figure 1 where the ordinates are the ratios of the radioactivities of the 
illuminated to the unilluminated leaves, determined after acidification. 

Too much significance must not be attached to the enhanced photosyn- 
thesis observed for sunlight as compared to light from a 500-watt Mazda 
lamp ; factors other than increased light intensity were probably involved, 
as other experiments indicated. 

In these experiments the leaves were not dejirived of atmospheric carbon 
dioxide, and it is jiossible that this carbon dioxide reacted with insoluble 
radioa(‘tive carbonates thus making available radioactive carbon dioxide for 
photosynthesis. Whether this type of absorption and exchange is operative 
can be easily determined by future experiments. 

The fact that the photosynthetic process can utilize carbon dioxide that 
has been stored in the leaf for some time must be taken into ac(*ount when 
interpretations are made of measurements on such (juantities as photosyn- 
thetic quotient, quantum yield, and induction periods. 

Respiration of newly formed photosynthate 

Exjieriments were carried out to determine whether the carbon newly 
assimilated in jihotosynthesis was easily lost through respiration. Discs of 
sunfiower leaves were saturated with radioactive carbon dioxide and then 
illuminated for a short period of time. The discs were placed in the dark 
and tested at various intervals for the amount of noncarbonate radioactive 
carbon they contained. The ratio of this amount to the amount contained 
by an unilluminated leaf is plotted against time in figure 2. The results 
show that the loss due to respiration is quite rapid. Whether this rate is 
greater or less than the rate of loss of carbon from other organic compounds 
contained in the leaf, ( jj ,, glucose, Avas not determined. 

Summary 

1. The investigation of the absorption of carbon dioxide by living sun- 
flower leaves by means of radioacth^ carbon dioxide has shown that the 
three possible methods of absorption, previously proposed, are all operative; 
namely, solution in the water of the sap, reaction with soluble buffer sub- 
stances, and reaction with insoluble carbonates, presumably calcium 
carbonate. 

2. In addition to these reactions, carbon dioxide reacts to form a non- 
carbonate deriA^atwe of which little is known. 
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3. The carbon dioxide absorbed previous to illumination can be used in 
the photosynthetic process. From this it is evident that the absorption of 
carbon dioxide for photosynthetic purposes is not a part of the photochem- 
ical reaction. 



Storage in the Dark 

Pig. 2. Rate of respiration of newly formed photosynthatc. 

Experimental points marked alike belong to the same series of measurements. 

4. The newly formed photosynthate is quite rapidl}" used up in respira- 
tion. How its rate of respiration compares with tlie rate of respiration of 
other organic compounds contained within the leaf has not been determine<l. 

The authors wish to acknowledge their indebtedness to various individ- 
uals within the Carnegie Institution who made this investigation possible. 
Thanks are also due Dr. P. A. Leighton and Dr. N. B. Bradbury of Stanford 
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NATURE OP BOUND WATER IN COLLOIDAL SYSTEMS 

Bay Calvin Chandler 
(with one figube) 

Introduction 

The Htate of water in colloidal systems is a controversial subject. Dis- 
covery of the colloidal state by Graham (18) was followed by extensive 
studies by Van Bemmeln (66, 67, 68, 69) and Zsigmondy (73, 74). Ther- 
modynamic studies by Katz (36) indicated significant changes in free 
energy and heat content in colloidal systems at low water content. Overton 
(51) concluded that part of the water in animal tissue did not have normal 
solvent properties. The work of Rosa (59) and Hooker (28) suggested a 
relationship between certain hydrophilic bio-colloids and cold resistance in 
plant tissue. Newton and Gortner (49) proposed a cryoscopic method 
for the measurement of hydrophilic colloids as a criterion of the state of 
water in Jiving and non-living colloid systems. The apparentlj" unusual 
state of water thus disclosed by a vast amount of data has been called 
‘‘bound’’ water. It has been assumed that the presence of colloidal material 
was responsible for the observed phenomenon. It is of particular impor- 
tance in biologi(*al systems be<*ause of certain implications with regard to 
hardiness and drought resistance in plants and animals. The majority of 
investigations have dealt with plant physiology. 

The estimation of bound water is based upon the physical measurement 
of a variety of projierties of water. Some workers compute the amount of 
bound water from the total change in thermodynamic activity of the water 
in a given system while other workers include only that part of the change 
in thermodynamic* activity which cannot be accounted for by osmotically 
active substances. In this paper the calculations are based upon the latter 
concept and bound water is defined as the amount of water required to 
coiiijiieiisate for the deviation of some thermodynamic property of water from 
the measurement expected in simple solution. 

It has been suggested (17) that bound water is due to the orientation of 
water molecules about the colloidal particles and that the water, thus 
removed from the body of the solution, loses its solvent properties. A few 
investigators have disagreed with these premises. The- data of Hill (27) 
and Grollman (21) did not show appreciable amounts of bound water in 
many colloidal systems. Greenberg and Greenberg (20) subjected the 
concept of lost solvent powers to test and found no evidence for bound 
water on that basis. A knowledge of the nature of tlie phenomenon observed 
is necessary for the interpretation of its role in biological processes. 

273 
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Methods fob bound water studies 

The methods used to measure the properties of water are based on 
physico-chemical laws applicable to all components of the solution. Atten- 
tion is centered upon water since it is the major constituent and lends itself 
readily to measurement. Perhaps the most frequently used methods are 
based upon the collijrative properties of the solution, i.e,, vapor pressure 
lowering, freezing point depression, and osmotic pressure which are inter- 
related through the applicability of the gas laws to solutions. The chief 
methods used for the determination of bound water may be classified on the 
following basis : • 

I. Colligative measurements. 

(a) Freezing point depression when solutes are added (3, 49, 60, 

63, 64) 

(b) Vapor pressTire methods (2, 16, 16) 

(c) Osmotic pressure (40, 61) 

JI. Change of state. 

(a) Latent heat of fusion (46, 67, 60, 66) 

(b) Volume change (32, 43, 69, 60) 

(c) Heat of valorization (21, 27) 

HI. Distribution of solutes. 

(a) Ultrafiltration (20) 

(b) Differential concentration (44) 

IV. Resistance to pressure (46, 48, 63). 

Special methods other than the above have been applied to the study of 
this problem (1, 16, 22, 23, 29, 42). 

Interpretation of colligative measurements is based on limiting laws for 
ideal solutions such as might be found in dilute binary solution. The 
assumption that the thermodynamic contribution of several components in 
a complex solution is additive is false. The heat of vaporization method 
introduced by Hill (27) directly compared complex solutions and largely 
obviated this assumption. The difficulties to be met in these studies may 
be illustrated by the work of Kistler (38) and Dexter (10). The former 
concluded that all methods depending upon freezing may involve errors 
due to non-equilibrium and the latter found irreversibility of ice formation 
in bio-colloids. Some methods are well suited to a study of the ]iroperties 
of water at high water content while other methods are better suited to sys- 
tems at low water content. 


The problem % 

This investigation was planned as a study of true and colloidal solutions 
to disclose the factors responsible for deviations in colligative measurements 
which are often employed in the estimation of bound water. Any given 
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colliquative determination has a theoretical value based on the ideal pras lav’s 
but usually its empirical value differs somewhat from the theoretical. The 
calculations in this paper are based on the empirical value for a substance 
dissolved in pure water. A measurement which yields a value prreater than 
expected is called a positive deviation while a measurement less than the 
empirical value is called negative. By appropriate sequence of experiments 
both positive and negative deviations are produced and an attempt is made 
to evaluate the factors responsible for the deviations. 

Methods and materials 

Two colligative methods W’ere used in this study on the state of water. 
The first consisted of vapor pressure measurements made by a highly sensi- 
tive static vapor pressure apparatus described in a previous paper (5). 
Gelatin was selected as a typical hydrophilic colloid upon which much data 
has been secured (3, 16, 20, 21, 22, 23, 29, 32, 36, 42, 46, 60, 68, 66). Potas- 
sium chloride was selected as a reference solute since its vai)or pressure in 
true solution has been shown to behave in a regular manner over the range 
of concentrations to be studied (14) ; furthermore its combination with 
gelatin (60) has been found to be negligible. 

The second method utilized freezing point data obtained by use of 
Beekmanu thermometer, freezing point tube, air chamber and insulated ice 
bath. Glucose and KCl were selecte<l as reference solutes. The ther- 
inometer was calibrated and kej>t at low temperature while not in use. Molal 
freezing point depressiou-c\)ncentration curves were prepared from data 
(31) for each reference substance. The various electrolyte, non-electrolyte, 
and dipolar solutions were prepared from C.P. standard chemicals. East- 
man ^s de-as)ied gelatin was used. The plant sap examined was expressed 
from plants that had been ‘Miardened^’ by subjection to low temperature 
for a period of time. 

This application of the cryoscopic method for the determination of 
bound water differs from the usual method in using tw’o types of solutes 
(electrolyte and non-elec trolj’te) as reference substances instead of confining 
the measurements exclusively to one reference substance. 

Theoretical considerations 

Vapor j)ressure constitutes an ideal method for calculation of thermo- 
dynamic functions in the study of solutions. In an attenuated atmosphere, 
as under its own vapor pressure, the vapor of an aqueous solution may be 
considered as a perfect gas in rapid reversible equilibrium with the liquid 
phase. The vapor pressure (p) is proportional to the fugacity (f)^ and the 
activity (a)’* is equal to the relative vapor pressure (p/p°). At constant 

1 Fugacity: the vapor pressure of a gas which obeys the ideal gas law. 
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volume, as under condition of these experiments the free energry (F)^ and 
the vapor pressure are related by the equation 

AP = RTlnp/p° 1 

which represents the free energy change involved in the isothermal reversible 
transfer of one mole pure water to the solution. The differential rate of 
change of a property with addition of a substance to the solution is called a 
partial molal quantity. Assuming that the partial molal heat content (H)^ 
is constant over the temperature range studied, its value may be calculated 
from the relationship 

^ RT^dlnp -/p ^ 

H - dT * 

The change in heat content calculated by this method presumably differen- 
tiates between kinetic energy which is a function of temperature and the 
orienting or binding forces which are independent of temperature. The 
partial molal entropy (S) '^ of the water component may be obtained from the 
relationshij) 


Katz (37) considers entropy to be a measure of the change in randomness 
of water molecules in colloidal systems. 

The phenomenon of solution is a reflection of interacting forces between 
components and no one component may be singled out arbitrarily as the 
cause of the deviations. The properties of the solution are determined by 
the similarities and dissimilarities of all components. Ideal solutions are 
rare. The vast majority show^ deviations from ideal behavior even in binary 
solution. The energy relations between components of any solution is 
expressed by the equation (41) 

(d In f, ) (d in f^) N, (d In f ,) 
dNi dNi ^ dNi ■ • ' * 

where N is the mole fraction, f the fugacity, subscripts indicate components; 
temperature, pressure, and volume are assumed constant. Activity or vapor 


2 Activity; the thermodynamically effective concentration of a constituent rather than 
the molar concentration, 

8 Free energy: the enijrgy change in a process which may be used to do work; a 
measure of the tendency of a reaction to go in a given direction. Under conditions of 
those experiments it equaled the maximum work possible. It also equaled the total energy 
change less the amount involved in entropy ehange. 

* Heat content: the total energy content, in calories, of a gram mole of a constituent. 
Aeinally only the change in heat content can be meaapred. The gain or loss is due to 
changes in physical properties of the molecule. 

5 Entropy : the energy, in calorics per degree, absorbed in a process but not available 
for work. As used here positive values indicate a more random condition, negative values 
a less random condition of the molecules. 
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pressure may be substituted for fugacity in this equation which emphasizes 
the fact of energy exchange within the solution. 

The possibilities of deviations in actual solutions containing ions, non- 
electrolytes, and dipolar compounds of diverse electrical properties and 
molecular sizes may well be considered. In a typically non-ideal solution 
of ions the Debye-Huckeij theory (7, 30) indicates that under constant 
conditions of dielectric constant and temperature the activity of the ions is 
afiEected by a number of factors. This is shown by the equation 


-In Y (ions) = 


N° e^ bVu 
2DRT (l-ab\47) 


where y Ibe activity coefficient; N° the Avagadro number; z, valence; 
e, unit charge; D, dielectric constant; T, absolute temperature; g, a function 
of concentration and valence ; a, ion diameter ; while R and b are constants. 
Debye and MoAuuay (9) and Soatchabd (62) have applied the concept to 
non-electrolytes in ionh* solutions and found the relation. 

-In Y (non-electrolyte) 6 

where a, a eoiistaiit eharaeteristic of tlie non-electrolyte, has a positive value 
when the non -electrolyte reduces the value of the dielectric constant, and c 
indicates the radius of the particle. Equations 5 and 6 show that (in a 
common environment) concentration, valence, dielectric constant, and tem- 
perature have opposite effects upon the activities of electrolytes and non- 
electrolytes in many cases. 


Ns 


In a two-component solution according: to equation 4 Ni 


(din ai) 
dNi 


(d In H 2 ) 

^'~dN7~ 


; that is, a chanj^e in activity of one com]>onent indicates an 


opposite chang:e in activity of the other component. 

In a three component solution which is saturated with respect to the 
second component, the activity of the second component is fixed and under 

such (‘onditioiis Ni =:~N, that is, the change in activity 

dNi dNi 

of the solvent reflects a change in activity of the third component. Thus 
the vapor pressure of an aqueous solution may be utilized to determine 
energy relations between components, to measure the degree of orientation 
of water molecules, and to study fundamental differences between kinds 
of solutes. 


Experimentation 


The experimental work may be divided into the four following steps: 

(1) A vapor pressure study on a two component true solution ; 

(2) A vapor pressure study on a two component colloidal solution; 
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(3) A vapor pressure study on a three component colloidal solution; 

(4) Freezing point studies on true and colloidal solutions. 

Vapor pressure measurements were made on a dilute potassium chloride 
solution at two temperatures to determine thermodynamic functions of the 
water component. The data appear in table I and energy data are listed 

TABLE I 

Vapoe pbessure lowertno in a dilute K("1 solution (0.109 M) AT 1° C. AND 20° C. 


Ho, 20° 0. » 

Hg, 1° C. 

mm. 

m m. 

0.0614 

0.0162 

0.0616 

0.0160 

0.0612 

0.0159 

Mean 0.0614 

0.0160 


in table IV. Consideration of the data in table IV shows that the heat con- 
tent and entropy of the water was slightly greater than for pure water. 

The second experimental solution was an aqueous solution of isoelectric 
gelatin (3.45 per cent.). It was subjected to vapor pressure measurements 
at the same two temperatures. The data are listed in table II and values 
for the thermodjmamic functions appear in table IV. A very slight increase 
in heat (*ontent and entropy of the water component is indicated by these 
data, suggesting that in spite of the lowering of vapor pressure and de- 
creased activity of water in this solution the water molecules actually have 
slightly greater freedom for random distribution. In accordance with 
equation 4, the decrease in activity of the water component reflects an 
increase in activity of the gelatin component, regardless of the fact that its 
mole fraction is unknown. 

TABLE II 

Vapor pekssurk lowering of a 3.45 per cent, gelatin solution 


no, 20® c. 

IlG, 1® C. 

wm. 

vim. 

0.0033 

0.0003 

0.0015 

0.0003 

0.0022 

0.0003 

0.0018 1 

0.0002 

Mean 0.0017 

0.0003 

- .-.A, 


The third solution to be investigated was a three component colloidal 
solution consisting of the previously discussed isoelectric gelatin solution to 
which was introduced a gas-free charge of KCl producing a 0.069 M solu- 
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tion with respect to KCl. Vapor pressure data for this solution are tabu- 
lated in table III. The vapor pressure lowering due to gelatin is assumed 
to be constant in solutions 2 and 3. The vapor pressure lowering due to 
KCl is found by difference. The observed molal vapor pressure lowering 
(P® ~P) 

— - for KCl in the colloidal solution is compared to that determined 

from a study of solution 1. Negative deviations are found which also 
show a marked temperature coefficient. The i)artial molal functions for 
water given in table IV show that for this colloidal solution, as in the pre- 
vious one, the heat content and entropy of the water has been increased 
slightly by the presen(*e of the colloidal substance. Assuming that the 
gelatin solutions are saturated with respect to gelatin, the activity of gelatin 
is unchanged in solutions 2 and 3, therefore the change in molal vapor 
pressure lowering of KCl shown in table III indicates a change in activity 

TABLE III 

VaPOB PRE^^M Rf. J.O\\ERINO OF 0.069 M KCl SOLI TION IN PREsEXCF OF 
H.4.) PER CENT. GFL\TIN 


1 

IIo, 20° r. I 

1 11(5, 1° ( 

1 

mm. 

1 in m. 


0,0384 

0.0093 


0,0398 

0.0097 


0,0387 

0.0093 


0.0406 

0.0092 


0.0393 

0.0090 

1 

0.0379 

0.0382 

0.0386 

0.0395 

0.0093 

Mt*an 

0.0390 

0.0093 

VI*L duo gelatin 

0.0017 

0.0003 

VPL duo KCl 1 

1 0.0373' j 

1 0.0090 

P° - P _ 0,0.373 _ 

M “0,0G’93”’ 

1 0.5382 

[ 0.0693 

P°~P (KOI- 11,0) _ 

M (system) 

0.5837 1 

0.1540 

,, observed 

IbltlO r-; r - 

empirical 

0.922 j 

1 

0.844 

Percentage deviation 

00 

I 

-15.6 


of KCl as well as water. In each solution the heat content and entropy of 
the water component is slightly greater than for pure water. Assuming 
that entropy is a measure of randomness of water molecules it appears that 
the water molecules are quite as free in any of these solutions as in the pure 
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solvent. The observed deviation, therefore, is not due to the orientation of 
water molecules but to the interaction of the components of the solution. 

TABLE IV 

Partial molal functions of watkr component in dilute colloid \l vnd non colloidal 

SOLUTIONS 

System 

(1) HaO-KCl (0.109 M) 

(2) HjO-gelatin (3.45%) 

(3) nBO-gelatin~0.069 M KOI 

The fourth line of evidence dealt with freeziuj? point studies on both 
colloidal and noii-(*olloida] solutions of varyinjj: complexity. The first series 
were three-component solutions consisting of water and two reference solutes 
used in these experiments. The data are shown in table V. The calculated 
molal freezing point depression refers to the value obtained when the 
solutes are dissolved in pure water. 

TABLE V 

Deviations in freezing point depri-ssion when glucosi is addi-d to non colloid\l 

SOLUTIONS containing IONS 


8yst* m 


(a) HaO-0.21M KOI 

(b) H2CM).42M Kn~0.40M kIucosc* 

When the non-electrolyte glucose was placed in the non-colloidal solu- 
tion containing ions the freezing point depressions were greater than calcu- 
lated values and the magnitude of the positive deviations was a function of 
the ion concentration, 

A second type of non-colloidal solution was next examined, using glucose 
as the reference solute. Aqueous solutions of amino acids are dipolar in 
nature and constitute important constituents of many natural solutions. 
WTien the non-electrolyte was added to these compounds the magnitude and 
sign of the deviations varied considerably and was apparently a function 
of length of the carbon chain. The data are given in table VI. The effect 
of ionic solutions, including KCI, upon the freezing point depression of 
amino acids may be found in table VIII. 



Fi\. 


Si 0. 

-1.78 

1.74 

0.01.8 

-0.0.1 

0.48 

0.002 

- 1.00 

2.52 

0.013 
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TABLE VI 

DKVIATIONS in freezing point depression when GDUOOSE Ih ADDED TO AMINO AOID 
SOLUTIONS (DIPOLAR COMPOUNDS) 


Amino acid 

Oabbcm^ 

ATOMS 

Glucose 

MOLAL FREEZING 
POINT DEPRESSION 

Deviation 



Calc. 

Obs. 


0.5 M glycine 

2 

moh, 

0.74 

°c. 

1.906 

1.861 

% 

-2.4 

0.5 M alanine 


0.75 

1.907 

1.916 

0.5 

0.5 M valine 

* 5 

0.73 

1.906 

2.000 

4.9 


The third j?roup examined contained colloids. The positive deviations 
noted for glucose in the presence of simple solutions of gelatin and hemo- 
globin (table VII, a and c) are characteristic of the data usually reported 
for bound water. The tendency of KCl to give negative deviations in many 
complex solutions is striking. A sample of plant sap known to contain 
natural dipolar and ionic compounds yielded a large positive deviation when 


TABLE VI r 

I^.VIATION IN FKI*EZIN(J POINT DfPRESSlONS AH VARIOUS ( OMPONFNTS ARK ADDED TO 

SOLI^TIONS 


8\STFM 


(ji) gelatiji 

(b) naO-5% gelatin-O.SM glucose 

(e) hemoglobin 

(d) HjO-5% hemoglobiii-0.4 M glucose 

(e) Wheat sap (* ‘hardened’ ’) 

(f) Wheat sap (“hardened”) 

(g) naO-0.4 M KC1~0.8 M glucose 

(h) HaO~0.5 M alanine-0.5 M glucose 

(i) HgO-O.S M glycine~0.74 M glucose 

* Observed elevation of freezing point 



Molal freezing 


Solute 

POINT depression 

Devi- 

ation 


Cal('. 

Obs. 


moh. 

°r. 


^/r 

0.80 glucose 

1.910 

2.00 

4.7 

0.40 KCl 

3.315 

3.28 

-1.1 

0.69 glucose 

1.905 

2.07 

8.6 

0,22 KCl 

3.375 

3.24 

-4.0 

0.44 glucose* 

1.895 

2.18 

15.1 

0.31 KCl 

3.360 

3.08 

-8.3 

5% gelatin 

1.860 

(- 0.037 


5% gelatin 

1.860 

(-0.015)* 


5% gelatin 

1.860 

(-0.013)* 



’ 


rose slightly when gelatin was added. 


glucose was used as the reference solute but a negative deviation when KCl 
was the reference solute. 

The foregoing experiments roughly differentiate the effects of typical 
substances; namely, electrolytes, non-polar and dipolar non-electrolytes, 
and hydrophilic colloids. Some, and often all, of these substances are com- 
ponents of systems examined for bound water. Each of these might be 
expected to play a part in this problem owing to structure or electrical 
properties. 
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TABLE VIIT 


Influence of environment in non-colloidal complex solutions upon the ** normal'' 

BEHAVIOR OF COMPONENTS 


Group 

Solvent 

Solute added 

Devi- 

ation 

Method 

Befer- 

ENUE 

(A) 

mols . 

O.UO KOI 

0.372 M sucrose 

% 

6.8 

Freezing point 

(9) 


0.23G 

t ( 

0.611'' " 

9.5 

a a 

i t 


0.369 

( ( 

0.S51" " 

15.7 

it a 

t { 


0.467 

i t 

0.756" " 1 

18.5 

a it 

i t 


0.703 

1 1 

0.511" " , 

26.9 

it it 

i i 


0.941 

t i t 

0.263 " " j 

34.9 

a it 

i i 

(U) 

0.335 

LiCl 

Succinic acid | 

-12.6 

Solubility 

(39) 


0.40 

NaCl 

“ “ 1 

- 8.4 ' 

1 ( t 

t t 


I 0.67 

LiCl 

Boric acid 

-13.2 

t { 

i i 


0.80 

NaCl 

it a 

- 1.5 

t i 

i i 

(0) 

0.50 

LiCl 

Glvcinc 

8.0 ' 

1 1 

(53) 


0.50 

NaCl 

i " 

3.9 ^ 

t i 

( i 


0.50 

NaNO, 

a 

12.2 

1 ^ * 

it 

(D) 

1 0.50 

KCl 

Glrciiit* 

0.9 ' 

i ( i 

t i 

i 2.00 

KCl 

t i 

- 9.2 

1 1 

i i 

(E) 

0.50 

NnCl 

licucine 

* - 9.5 

1 

t i 

0.50 

KCl 

a ' 

' - 8.1 

' i t 

i t 

(P) 

0.50 

BaCL 

i Lcucint* 

, 13.9 

1 

{ i 


0.50 

CaOla 

1 '' ’ 

1 17.6 

1 " 

i i 

(G) 

0.50 

NaCl 

Glycine 

-14.0 

Freezing point 

(62) 


0.50 

NaCl 

j Alanine 

- 3.0 

a it 

t t 

(H) 

! 0.50 

BaCl, 

Glycine 

-28.0 

a it 

t i 


1 0.50 

BaCl, 

Alanine 

-15.0 

it ti 

u 

(I) 

0.50 

CH«(^OOK 

Glycine 

- 5.2 

1 it it 

1 

4 t 

(J) 

0.10 

KNO, 

Glvcinc 

- 6.8 

a it 

i 

i i 

0.50 

KNO, 

\i 1 

1 

-22.4 

a it 

1 

i 4 

(K) 

0.01 

ZnCL 

Glycine 

- 2.6 

Potentiometric 

(34) 


0.10 

i i 

< i 

-19.4 

1 ^ ^ 

i i 


0.10 


Yaline 

- 9.1 

i i 

i t 


0.50 

i i 

i ( 

-42.2 

i i 

i “ _ 


Discussion 

The assumption that anomalous changes in activity of a substance in 
solution are based on chemical combination, association, or dissociation has 
been convenient; the concept of forces other than these, however, should 
not be neglected. Prom a thermodynamic standpoint any change in free 
energy must be balanced an equal and opposite change within the system. 
Vapor pressure measurements have been utilized in this work on relatively 
simple solutions because of the high accuracy obtainable for very dilute 
solutions where concentration effects were at a minimimi. Utilizing thermo- 
dynamic concepts it appears that the activity of water may deviate from 
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usual values to either greater or less values without materially affecting 
the randomness of orientation of water molecules. 

The negative deviation of vapor pressure lowering of KCl solution in the 
presence of gelatin indicated that the activity of KCl had been decreased. 
If this is a fundamental principle it would be reflected in the solubility of 
a slightly soluble electrolyte in the presence of a colloid. FahjET (12) found 
the solubility of TlCl in the presence of edestin agreed with that concept. 
Joseph (36) also found a decrease of activity of many salts in the presence 
of gelatin. Gortner and Gortner (17) and Gerike (16) present data 
subject to the same interpretation. It seems evident that the changes taking 
place in the solution as indicated by a measuremejit of the water are the 
result of the interaction of all components and not the effect of the colloid 
alone. 

The increase in lieat cojitent of colloidal solutions as indicated in the 
data of table IV is opposed to the concept of ‘‘binding’’ or molecular orienta- 
tion as a dominant factor in the solution. One should expect orientation to 
decrease the heat content. The data presented here are supported by the 
findings of Hampton and Mennie (22) and Horn and Mennie (29) for 
gelatin solutions. 

The deviation from additivity of colligative properties in colloidal solu- 
tions, which is sometimes used as a measure of the effect of hydrophilic 
colloids on the state of water therein, may be produced also in non-colloidal 
solutions as shown in tables V, VI, and VIIT. By use of the non-electrolyte 
in the presence of ions large positive deviations may be produced. By use 
of a suitable electrolyte iu presence of non-electrolytes, particularly certain 
ones having dipolar properties, large negative deviations may be produced. 
The concept of Jion-solvent bound water has no meaning in case of negative 
<leviations sindi as shown here. A physical interpretation is needed which 
considers both positive and negative deviations. These deviations are in 
accord with ecpiations 5 and 6 and experimental work reported in the 
literature (9, 40, 62, 63, 64, 66, 66, 62). 

The complex nature of the interacting forces within true solutions may 
be illustrated by examples from the literature as shown in table VIII. 
Column 1 groups the table for description; column 2 gives the composition 
of the solvent; column 3, the kind of solute added; column 4, the deviation 
as determined by the method listed in column 5. Grouj) (A) illustrates 
the interaction of ions and non-electrolytes. The interaction of ions and 
the undissociated parts of weak electrolytes is shown in group (B). The 
remaining examples portray the interaction between ions and dipolar com- 
pounds in which concentration of ions and structure of dipolar substances 
are shown to play a part. In this category, group (C) represents the be- 
havior of a dipolar substance in the presence of monovalent ions. The effect 
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of concentration of KCl is exhibited in (D). Group (E) illustrates the 
effect of structure when a six-carbon acid with the same dipole moment as 
that in (C) and (D) is introduced into a solution of monovalent ions. 
Valence and structure effects may be noted by appropriate comparisons 
in (E), (P), (G), and (H). The influence of ion concentration is shown 
in (J) and (K) while both ion concentration and structure of dipolar com- 
pound may be seen in the last. These are all non~colloidal solutions. 

It appears that the problem of deviations observed here is characteristic 
of solutions in general and that the conclusion of Huckel (30) regarding 
electrolyte solutions may V© extended to dilute colloidal solutions. This 
leads to the conclusion: hydration is by no means as important in determin- 
ing the characteristics of a solution as we are prone to think; the significance 
of the observed phenomena lies in the electrical forces which permeate the 
solution. 

The preceding discussion has dealt with phenomena in dilute colloidal 
solutions, more or less complex in composition, and has emphasized the rela- 
tive influence of components other than the colloidal substances. An im- 
portant part of the literature on bound water has dealt with systems at low 
water content. Rosenbohm (58) found that of the thirty-six calories 
evolved per gram of gelatin in process of saturation, thirty-three calories 
were given off in the absorption of 0.24 grams of water. Katz (36, 37) 
showed that a typical sigmoid curve, as represented in figure 1, described 
the relationship between relative vapor i)ressure and water content for 



Pig. 1. Typical relative vapor pressure-water content curve for colloids. 
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many elastic gels. Fricke and Luke (15) made a vapor pressure study on 
casein aM agar at low ^ter content. Values for partial molal free 
energy (F), heat content (H) and entropy (S) calculated from their data 
are presented in table IX. An important decrease in entropy below the 
point b on the curve is characteristic. An interesting comparison of energy 
relations for water in colloids at low water content and for water contained 
in crystal hydrates may be made from tables IX and X. Above a water 
content of 0.4 or 0.5 grams per gram colloid, the water in colloidal solutions 
appears to behave approximately as in dilute true solutions. Similar 
values for bound water of this type have been found by diverse methods 
(1, 22, 23, 29). The great differences between heat content and entropy 
of one region and these same functions for the other region suggest that 
the water molecules are subjected to quite different forces in these two 
regions. It is justifiable to differentiate two classes of phenomena: first, 
those that occur in solutions wherein the process approaches reversibility; 
secondly, those that occur in colloidal solutions at low water content where 
the process is irreversible. In the first of these it appears that the forces 


TABLE IX 

Exkrg^ rflationb in colloid systfms 


Or \ms 

^V VTER 

PT*R GRAM 
( OLLOID 

Systi m 

F 

H 

8 

Kefeeence 

qm. 

0.059 

HjO agar 

- 2214.0 

- 3436.0 

-4.48 

( 16 ) 

0.125 

1 1 

-1177.0 

- 2502.0 

- 4.85 

i i 

0.157 

( ( 

- 957.0 

- 2023.0 

-3.90 

i i 

0.366 

( i 

- 100.0 

- 540.0 

-1.39 

( ( 

0.478 

( 6 

- 00.0 

- 75.0 

- 0.05 

1 ( 

0.049 

HjO casoiii 

-1267.0 

- 2297.0 

-3.77 

t t 

0.143 

{ i 

- 369.0 

-1063.0 

- 2.54 

( t 

0.322 

i i 

- 31.0 

1 - 110.0 

-0.29 

( i 

0.437 

i i 

8.0 

- 28.0 

0.13 

( t 

27.96 

IleO gelatin 

0.3 

4.6 

0.04 

Table IV 

27.96 

HgO-gelatm * 

0.2 

11.6 

0.02 

Table IV 


KCl t 






are predominantly electrical forces existing between components of the 
solution which tend to make it non-ideal. In the second case one deals 
with water in a condition similar to that of a crystal hydrate. 

The evidence indicates that the chief influence upon the thermodynamic 
activity of water in a complex colloidal solution is the osmotic force which 
is not included in the definition used here for bound water. It is indicated 
that the electrical forces existing between the components of the solution 
which make it non-ideal are responsible for the phenomena often considered 
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as a measure of water ‘ ‘ bound by colloids. Under certain conditions the 
nature of the reference solute may profoundly affect the results obtained 
in measurements. In a colloidal system of low water content the thermo- 
dynamic properties of the water differ from that of the pure solvent. 

TABLE X 


Energy relations of water in crystal hydrates 


Mol 




8 * 


fraction 

HaO 

System 

1 

F 

H 

Eeference 

moh 


j 




0.333 

C 118 O 4 • H 2 O 

- 2004 

- 2783 1 

- 2.61 

C70) 

0.691 

CUSO 4 . 0 H 2 O 

- 654 

~ 3051 

- 8.04 

( 4) 

0.706 

Cd804 . 8/3HoO 

- 165 

~ 1 732 

- 5.26 

i i 

0.777 

MgSO, • 7 H 2 O 

- 365 

- 4036 

1 

-12.18 

i i 


Summary 

Measurements of the vapor pressure lowering and freezin^^ point depres- 
sion of some true and colloidal solutions were made and the thermodynamic 
behavior of these solutions has been considered. 

A new interpretation of some bound water plienomena has been pre- 
sented. 

Results indicate that bound water in colloidal systems may be of two 
kinds: 

(a) A small amount of water intimately associated with the colloid and 
having special thermodynamic properties, and 

(b) A hypothetical amount of water estimated to account for the dif- 
ferences between the value of a property of water as found in a 
complex solution and the corresponding value in simple solution. 

The second kind of bound water may be exhibited by any complex solu- 
tion, colloidal or non-colloidal, whose components have properties Avhich 
make the solution non-ideal. 

The part played by colloids in this phenomenon appears to be due chiefly 
to their electrical properties and may be of minor importance compared with 
crystalloidal components. 

Solvent molecules in a dilute colloidal solution show no reduction in the 
random orientation characteristic of the pure solvent. 

The writer acknowledges his indebtedness to Dr. A. R. Davis, for as- 
sistance and encouragement during the progress of this study. 

University or California 
Berkeley, California 
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UNEQUAL DISTRIBUTION OP SOLUBLE SOLIDS IN THE 
PULP OP CITRUS PRUITS' 

E. T. Bartholomew and Walton B. Sinclair 
(with six figures) 

Introduction 

The nature of the citrus fruit is such that it affords many interesting 
problems of research for the plant physiologist. The pulp of the citrus 
fruit, unlike that of most edible fruits, is divided into segments (carpels) 
the walls of which are not readily permeable ; and each segment is composed 
of hundreds of units (vesicles, juice sacs) the walls of which are still more 
impermeable, especially laterally (18). 

In the past, investigators have drawn many conclusions that were based 
entirely on results obtained by analyzing a whole plant or the major portion 
of a plant. While the results of such analyses have their value, they obvi- 
ously omit many interestijig and vital details. The results reported in this 
paper illustrate the value of making detailed analyses of the different tissues 
of a given portion of a ])lant. They are a part of the results of a line of 
research which is being carried on at the present time in this laboratory. 
This concerns the effects of rootstocks, maturity, insecticides, and the physio- 
logical disorder granulation^’ on the composition of citrus fruit. 

Materials and methods 

Valencia and Navel oranges of different sizes and of different stages of 
maturity were used in tliese tests, primarily; but a few grapefruit were 
tested also. All mature fruits were peeled, the segments isolated, and the 
juice from each stem and stylar segment half, or from each entire segment, 
was tested for the components mentioned in later sections of this paper. 
When a fruit was too young to be peeled and to have the segments isolated, 
the entire fruit pulp was bisected transversely. The peel of such fruits was 
first cut aw^ay with a knife, care being taken to leave a minimum of the peel 
and to cut away a minimum of the pulp. 

Juice was extracted from the whole or halved segments of the mature 
fruits with a modified, old-style lemon squeezer. Prom the pulp halves of 
the young fruits, the juice was extracted by subjecting each half to a pres- 
sure of 6,000 pounds in a hydraulic press. Aliquots of the juice were centri- 
fuged for three minutes at 1,700 r.p.m. before being tested. 

Total soluble solids were determined with an Abbe refractometer. Total 
acidity was determined in terms of citric acid by titrating with standardized 

1 Paper uo. 423, Univeraity of Ualiforniii Citiiis Experiment Station. 
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solutions of NaOH, with phenolphthalein as indicator. The pH values were 
determined with a Beckman glass electrode pH meter. 

Sugar determinations were made by the Hagedorn and Jensen method 
(13, 14) as modified by Blish (4, 6) . The strength of the reagents employed 
by Blisii was satisfactory for determining the reducing and total sugars as 
glucose, when the values ranged from 3 to 10 mg. in 10 ml. of citrus juice. 
The samples were diluted when necessary, so that the values fell within this 
range. This method was used because comparative tests showed that it was 
more rapid than the best of the copper reduction methods and, at the same 
time gave accurate results. Because potassium ferricyanide is subject to 
gradual change on standing, the glucose factor was redetermined just before 
making each group of tests. The values were determined by checking 
against a sample of glucose furnished by tlie National Bureau of Standards. 

Results* 

Soluble solids in carpellary segments op citrus fruits 

Soluble solids in stem and stylar halves of segments.— Sutherst 
(20), Chace and Church (6), Baker (2), and Haas and Klotz (12), 
who made an extensive study of polarity gradients, found that the concen- 
tration of soluble solids is noticeably greater in the stylar end of certain 
mature citrus fruits than in the stem end. This was especially true in the 
Valencia orange. 

As is well known, other conditions being equal, the higher the concentra- 
tion of soluble solids in a liquid, the lower the tem]>erature required to freeze 
it. Therefore, in cutting many thousands of mature Valencia oranges dur- 
ing the study of granulation [a physiological disorder of Valencia fruits 
(3)], it was surprising to find that during the previous wdiiter one or more 
segments in some of the fruits had been frozen at the stylar end and not at 
the stem end. 

In order to find an answer to this apj)arent anomaly, an effort was made 
to correlate this condition with the distribution of soluble solids in the juice 
of the stem and stylar ends of the fruit during the winter months before the 
fruit was mature. Valencia and Navel oranges and also a few grapefruits 
were tested. This study entailed the making of almost 3,000 refractometric 
readings in addition to a large number of acid, sugar, and other determina- 
tions. Most of the fruits were tested on the day they were picked or on the 
following day. 

In the localities from which the different fruits were obtained, the 
Valencias mature from the last of March to Hie first of May; Navels, from 
the middle of November to the latter part of December; and grapefruit, 
from the last of April to the first of June. All of these citrus fruits set at 
approximately the same time; therefore Valencias and grapefruit mature in 
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12 to 14 months and Navels in 8 to 9 months. The dates of maturity have 
an important bearing? on the interpretation of the data to be presented. 

The results of determining? the total soluble solids in separate sejuoient 
halves of Valencias, Navels, and prrapefruits are presented in table I. These 

TABLE I 


Distribution of soluble solids in stem and stylab halves of (^\rpellary segments of 
CITRUS FRUITS IN DIFFERENT STAGES OF MATURITY 






Percentage of segments 

D \TE FRUIT WAS 
PICKED AND 
TESTED 

Approxi- 
mate AGE 

OF FRI IT 

Number 

OF FRUITS 

N UMBER 
OP SEG- 
MENTS 

Tot vl 

SOLUBLE 

SOLIDS 

HIGHER IN 

STEM THAN 
IN STYL\R 
HALVES 

Total 

SOLUBLE 

SOLIDS 

HIGHER 

IN STYLAR 

THAN IN 

STEM 

HALVES 

Tot\l 

SOLUBLE 

SOLIDS 

eqttal in 

stem AND 
STYLAR 

H \LVFS 


Valencia oranges 



mo. 1 



% 1 

1 % 1 

% 

1937 







Nov. 1, 2 

6.0 

8 

' 81 

47 I 

1 44 

9 

Dec. 27, 28 

8.0 

12 , 

, 131 

22 

63 

15 

1938 ; 





1 


Jan. 5f 7, 8 

8.0 1 

1 

' 93 

25 

63 

12 

Jan. 14-17 | 

8.3 

5 

1 51 

20 1 

68 

12 

Feb. 4, 16 ! 

9.0 i 

12 

1 121 

7 

87 

6 

Mar. 11, 18 

10.3 1 

12 

120 

0 1 

99 

1 

Mar. 21 

11.0 1 

12 

129 

1 

99 

0 

Jane 28 

J4.0 

10 

106 

0 j 

100 

0 

1939 



1 

1 



Jan. 18 

8.3 

14 

138 

4 

95 1 

1 1 


Na\ol oianges 


1937 


I 


' 

1 “ 



1 

Oct. 

25—28 


6.0 1 

12 

130 

31 

53 


Dee. 

22 


8.0 

6 

63 1 

0 

97 

1 3 

1938 





i 




Jan. 

10, 11, 

31 

8.5 

8 

' 76 

' 1 

99 

1 0 

Feb. 

2, 9, 23, 

24 1 

9.5 , 

7 

1 69 1 

0 

99 

, ^ 






Grapef 1 iiit 




3938 


1 




1 



Jan. 

12-34 


8.5 

r> 

71 

9 , 

78 

33 

Fob. 

34, 28 

1 

9.5 

3 

39 

0 

97 

1 3 


data show that, as a rule, the more mature the fruit, the greater tlie percent- 
age of segments in which the total soluble solids were higher in the stylar 
than in the stem halves. For example, only 44 per cent, of the segments of 
the Valencias picked NoA’ember 1 and 2, 1937, (6-month-old fruits), showed 
a concentration of total soluble solids higher in stylar than in stem halves, 
whereas jiraetically 100 per cent of the segments of the fruits picked from 
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March 11 to June 28, 1938 (10- to 14-month-old fruits), showed this condi- 
tion. Similar trends were exhibited by the Navels and grapefruits. 

The ages of the fruits given in table I are only approximate. The setting 
and maturing dates may be as much as a month or six weeks earlier or later 
one year than another. For instance, the Valencias tested January 14~17, 
1938, were less mature than those tested January 18, 1939. This was shown, 
not only by the fact that on the latter date a larger percentage of the stylar 
halves of the segments contained the higher concentration of soluble solids 
(table I), but by the fact that these fruits had a considerably higher concen- 
tration of soluble solids (data not included in table) than those tested Janu- 
ary 14-17, 1938. 

Prom the data (table I) one may logically conclude that the concentra- 
tion of total soluble solids in the stylar half of the citrus fruit does not 
noticeably exceed that in the stem half until the fruit is nearing maturity. 
If should be pointed out, however, that even in the youngest of the Valencias 
tested (6-month-old fruits), 44 per cent, of the segments had a higher con- 
centration of total soluble solids in stylar than in stem halves, and 9 per 
cent, had equal concentrations in both halves. A similar condition existed 
in the Navel orange segments. 

The diagrams in figures 1, 2, 3, and 4 illustrate the differences in concen- 
tration of total soluble solids in segments of Valencias about five months 
before maturity" (fruit no. 103, fig. 1) and about two months after maturity 
(fruit no. 84, fig. 2), and in Navels about two months before maturity (fruit 
no. 92, fig. 3) and about two months after maturity (fruit no. 47, fig. 4). 
These two Valencias and two Navels showed the greatest extremes of all the 
fruits tested. Valencia no. 108 (fig. 1) had only one segment (no. 6) which 



Fig. 3 . Concentrations of total soluble solids in the stem and stylar halves of carpel- 
lary segments of an immature Valencia orange. With two exceptions, the concentrations 
are higher in the stem halves. 

% 

had a higher concentration of total soluble solids in its stylar than in its 
stem half. Segment 7 had the same concentration in both halves (9.16 per 
cent.), but all the other segments had lower concentrations in the stylar than 
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in the stem halves. Navel no. 92 (fig. 3) showed a condition similar to that 
in Valencia no. 103 (fig. 1), except that four segments (nos. 1, 2, 9, and 10) 



SCCMCNTS -VALENCIA NO. 64 

Fig. 2. Uoiicoiitrations of total soluble solids in the stem and styJar halves of the 
carpellary segments of a mature Valencia orange. The concentrations are much lower in 
the stem than in the stylur halves, and there is a great difference in concentrations, not 
only in different segments, but in different stem and stylar segment halves. 

had eiiiuil concentrations of soluble solids in both halves, and in no segment 
WHS the concentration higher in the stylar than in the stem half. The 
mature Valencia (fruit no. 84, fig. 2) and Navel (fruit no. 47, fig. 4) not only 
showed great differences in concentration in different stem and stylar seg- 
ment halves, but showed much greater concentrations in all stylar halves 
than in stem halves. In the mature Valencia, segment 10 showed the great- 



Fig. 3. Concntrations of total soluble solids in the stem and stylar halves of the 
carpellary segments of an immature Navel orange. The concentrations are higher in the 
stem halves of all segments except 1, 2, 9, and 10, in which they are equal in the two halves. 
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est difference between tlie concentration of soluble solids in the stem and 
stylar halves ; the concentration in the stem half was 12.18 per cent, and that 
in the stylar half, 15.84 per cent., a difference of 3.66 per cent. A compari- 
son of halves of segment 2 of the mature Navel showed the concentration in 



SEGMENTS -NAVEL NO. 47 

Pig. 4. Concentrations of total soluble solids in the stem and stylar halves of the 
carpellary segments of a mature Navel orange. As in the Valencia orange (fig. 2), the 
concentrations in the stylar halves are considerably higher than those in the stem halves; 
but the concentrations in the t\^o halves of this orange are a little less than in those of 
the Valencia orange, 

the stem half to be 11.04 per cent, and that in the stylar half, 13.58 per cent. ; 
a difference of 2.54 per cent. 

Of all the Valencia segments tested, the one having the greatest concen- 
tration of soluble solids in the stem half over that in the stylar half was from 
fruit no. 135, picked January 18, 1938. In this segment the concentration 
in the stem half was 8.70 and in the stylar half, 7.93 per cent ; a difference of 
0.77. The average difference for all Valencia segments that had the higher 
concentration in the stem halves was 0.22 per cent. The segment having the 
greatest concentration in the stylar half over thaj; in the stem half was from 
fruit no. 84 (fig. 2), picked June 2, 1938. The 'average difference for all 
Valencia segments that had the higher concentration in the stylar halves was 
0.76 per cent. 
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The concentration of soluble solids in Navel sej^ments showed a stem- 
half high of 12.11 per cent, and a stylar-half low of 11.31 per cent, for all 
segments having the greater concentration in the stem halves, a difference 
of 0.80 per cent. The average difference for these segments was 0.17 per 
cent. The stem-half low for all segments having the greater concentration 
in the stylar halves was 11.04 per cent, and the stylar-hali* high, 13.58 per 
cent; a difference of 2.54. The average difference for these segments was 
0.33 per cent. The results of tests of grapefruit segments were similar but 
are not reported here because only a comparatively few fruits were tested 
and these were practically all of the same age. It should be borne in mind 
that the differences and averages given for Valencias and Navels refer to 
both immature and mature fruits. 

One might expect to find that in immature fruits the concentration of 
soluble solids would be about equal in the stem and stylar halves of the seg- 
ments, even though there is a much greater concentration in the stylar 
halves by the time the segments mature. Table I shows that there wore 
comparatively few segments in ^^hicb the concentration of soluble solids was 
equal in the two halves. On the other hand, the results of a limited number 
of tests on whole citrus fruits indicate that in the earlier stages of develojv 
ment the concentration of soluble solids, though not greatly, may be measur- 
ably higher in the stem half than in the stylar half Of 13 Valencias about 
tliree and one-half months old, 9 had an average of 0.59 per cent, higher 
concentration of soluble solids in the stem halves than in the stylar halves 
of the pulp, 1 had equal (*oncent rations in the two halves, and 3 had an aver- 
age of 0.31 per cent, higher ('oncentration in the stylar halves than in the 
stem halves. Of 23 Nha els of similar age, 21 had an average of 0.23 per cent, 
higher com^entration in the stem halves than in the stylar halves, and 2 had 
equal CMmcentrations in the two liah’es. None of the 23 Navels had a higher 
concentration in the stylar half than in the stem half of the fruit. 

The original records show that of those fruits in Avhich the concentration 
of soluble solids was higher in the stem halves than in the stylar halves of the 
whole fruits, some had (a) the higher concentration of both acids and sugars 
in the stem half; others had (b) acids higher in the stem half and sugars 
higher in the stylar half; or (e) acids higher in the stem half and sugars 
equal in both halves; or (d) acids equal in both halves, but sugars higher in 
the stylar half; or (() acids higher in the stylar half, but sugars equal in 
both halves. The last condition mentioned, (e), indicates that soluble solids 
other than acids and sugars ai*e partially responsible for the (‘onditions men- 
tioned (a) to (d), e.specially in immature fruits. 

When the comparative concentrations of total soluble solids in the stem 
and stylar segment halves were determined (table I), the total acids (in 
terms of citric acid) and total sugars (in terms of glucose) were also deter- 
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mined in the two halves of some of the segments. Because of the great 
amount of work that would have been involved, not all segment halves were 
tested for acids and sugars. The tests were made on the stem and stylar 
halves of 37 segments from both immature Valencias and immature Navels 
and on stem and stylar halves of 20 segments from mature Navels. 

The approximate ages of the fruits from which these segments were taken 
and the results of the tests are given in table II. The data on total soluble 
solids are from the stem and stylar halves of whole fruits, while the data on 
acids and sugars are from segment halves. 

. TABLE II 

Average percentage of total soluble solids in fruit halves and distrihi tjon of 
ACIDS and sugars IN CARPELLARY SEGMENTS OF IMMATURE VALENCIA ORANGES 
AND OP IMMATURE AND MATURE NaVEL ORANGES 



Average total 


Percentage of segments 



SOLUBLE SOLIDS 
IN FRUIT HALVES 

Acids (in terms of 

CITRIC ACID) 

Sugars (in terms of 
glucose) 

Fruits tested 



Higher 
IN stem 

Higher 
IN sty- 

Equal 

Higher 
IN stem 

Higher 
IN STY- 

Equal 


Stem 

HALVES 

Stylar 

HALVES 

THAN 
IN STY- 
LAB 

HALVES 

LAR 
THAN 
IN STEM 
HALVES 

IN STEM 
AND 
STYLAR 
HALVES 

TUAN 
IN STY- 
LAR 

halves 

LAB 
THAN 
IN STEM 
HALVES 

IN STEM 

AND 

STYLAR 

HALVES 

Immature Va- 
lencias (8- 
9.5 months 

% 

i % 

% 

% 

% 

% 

% 

% 

old) 

Immature Na- 
vels (6 

10.22 

10.54 

91 

9 

0 

18 

81 

1 

months old) 
Mature Na- 
vels (9.5 

9.86 

9.90 

60 

30 

10 

26 

58 

16 

months old) 

12.29 

13.30 

9 

91 

0 

0 

100 

0 


Although the first two lots of fruit mentioned in table II were immature, 
the average total soluble solids was slightly higher in their stylar halves than 
in their stem halves. It may be stated, however, that even in these fruits, 
27 per cent, of the segments had a slightly higher concentration of soluble 
solids in the stem than in the stylar halves. The higher concentration in 
the stylar halves of the last Jot of Navels mentioned in the table was to be 
expected because the fruits were mature. 

The data in table II show that although the acid content was higher in 
91 and 60 per cent., respectively, of the stem segment halves of the immature 
Valencias and immature Navels, total sugars were higher in 81 and 58 per 
cent., respectively, of the stylar segment halves of the same fruits. Of the 
mature Navels, 91 per cent, had the higher acid content and 100 per cent, had 
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the higher sugar content in the stylar segment halves. These and other data 
in the table show that as a result of shifting or of some other process, there 
is a pronounced difference in the distribution of soluble solids in immature 
and in mature citrus fruits. 

Soluble solids in entire segments. — The differential response to low 
temperatures was not confined to the stem or stylar halves of the different 
segments. Many fruits were found in which an entire single segment had 
been frozen and had collapsed, whereas the other segments were unaffected. 
The apparent explanation for this condition was found by refractometric 
determinations of the total soluble solids in individual segments of many 
Valencia and Navel fruits. 

Ill making approximately 1,500 tests, it was found that comparatively 
great differences may exist between the concentrations in the segments of a 
given fruit. For example, in a mature Valencia fruit (no. 75) picked June 
28, 1938, one segment contained 16.11 per cent, soluble solids, while the two 
adjacent segments contained 13.41 and 15.44 per cent., respectively. An- 
other segment in a different portion of the same fruit contained only 12.61 
per cent. — a difference of 3.50 per cent, between the highest and lowest con- 
coitrations in the segments of that fruit. 

In tlie stem half of one of the segments in this fruit (no. 75) the concen- 
tration of soluble solids was only 11.38 per cent., while in the stylar half of 
one of the other segments, the concentration was 16.98 per cent., a difference 
of 5.60. The differences mentioned for this fruit were greater than for an}’' 
other fruit tested, but almost all the other fruits were less mature than this 
one. 

Soluble solids in north and south segments of fruits. — Each fruit, 
before it was picked, was marked to designate its north or south side as it 
hung on the tree. It Avas also marked to indicate from which side of the 
tree it was taken and Avhetlier it was an inside or an outside fruit. 

When the tabulai* data on concentration of total soluble solids in differ- 
ent segments was examined an interesting, but as yet unexplained, phenome- 
non Avas discovered. Of fruits picked from the outside of the trees and 
about 4 to 6 feet from the ground, 80 out of 88 Valencias, 25 out of 33 Navels, 
and 8 out of 9 grapefruits (or 87 per cent, of the 130 fruits) had a higher 
total soluble-solids content in tlieir three north segments than in their three 
south segments. This condition held whether the fruits were borne on the 
north, south, east, or west sides of the trees, provided they Avere outside 
fruits. 

Figure 5 shows the comparative concentrations of total soluble solids in 
each of the segments of 3 of the 80 Valencia oranges that showed a higher 
concentration in their three north than in their three south segments. The 
vertically hatched colmmis represent the three north, and the stippled 
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FRUIT NO. 75 NO. 39 NO. 1 17 

VALENCIAS 

Fig. 5. Comparative concentrations of total soluble solids in the throe north and the 
three south earpollary segments of three Valencia oranges. This figure shows the great 
difference in concentrations in the different segments of a given fruit. 

columns, the three soutli segments in each fruit. The average total soluble 
solids for the three north segments of Valencia no. 75 was 15.98 per cent, 
and for the three south segments, 13.09 per cent. Averages for the three 
north and the three south segments of fruits nos. 39 and 117 were 12.98 and 
12.02 per cent, and 9.69 and 9.23 per cent., respectively. Valencia no. 75 was 
picked June 28; no. 39, February 12; and no. 117, December 28. The indi- 
cations are that the more mature the fruit, the greater is the difference in 
concentration of soluble solids in the segments, and, also, the greater is the 
north-south polarity of concentrations in the fruit. 

Figure 6 represents the comparative total soluble solids in ea(*h of the 
segments of 3 of the 25 Navel oranges that showed a higher concentration 
in their three north than in their three south segments. The diflferences, 
however, were not so great in the Navels as in the Valencias. Navel no. 89 
(fig. 6) was more mature than Valencia no. 117 (fig. 5), and Navel no. 46 
(fig. 6) was less mature than Valencia no. 75, (fig. 5). Navels nos. 46, 33, 
and 89 were picked February 24, February 9, and October 27, respectively. 
The average total soluble solids for the three north segments of Navel no. 46 
was 14.39 per cent, and for the three south segments, 12.91 per cent. Aver- 
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ages for the three north and the three south segments of Navels nos* 33 and 
89 were 12.20 and 11.71 per cent, and 11.00 and 10.66 per cent., respectively. 

While in 80 out of 88 Valencias and in 25 out of 33 Navels the three north 
segments contained greater concentrations of soluble solids than the three 
south segments, attention should be called to the fact that the segment which 
contained the highest concentration was not always on the north (fruit no. 



NAVELS 

Fig. 6. Comparative eoiieentratioiih of total soluble solids in the three north and the 
three south segments of three Nav*^! oranges. The segment differences are similar to those 
in the Valencias (fig. 5 ), but are a little less. 

46, segment 2, fig. 6), and the one that contained the lowest concentration 
was not always on the south side of the fruit (fruit no. 117, segment 7, fig. 5). 
As a rule, however, the concentration of soluble solids in the two segments 
adjacent to the group of three north segments was higher than that in the 
two segments adjacent to tlie group of three south segments. Figures 5 and 6 
illustrate this condition. 

The north-south polarity concentrations were determined in only six 
inside fruits, all Valencias, time not permitting the making of more such 
tests. Two of the six fruits showed higher concentrations of soluble solids 
in the three north segments than in other segments, and four showed higher 
concentrations in the three south segments. The exposures of inside fruits 
are variable ; for some fruits may be heavily shaded, while others may receive 
almost as much light as those on the outside. 

Just what significance lies in the fact that, as a rule, the north half of an 
outside citrus fruit contains a higher concentration of soluble solids than its 
south half, can be determined only by further study. The fact is interesting 
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from a physiological viewpoint, but with the data at hand, the condition is as 
difficult to explain as it is interesting. 

Size of segments and concentration of soluble solids. — Even by a 
casual observation it can be determined that the segments in the pulp of a 
citrus fruit are not all equal in size. Some segments are comparatively large ; 
others may extend the entire length of the pulp, but be only about a fourth 
to a half as thick as the largest ; and in occasional fruits, especially in navels 
and grapefruits, a segment may extend only a half or two-thirds of the 
length of the fruit and be very thin. The results of the tests showed that 
there is no direct relation between the size of the segment and the concen- 
tration of total soluble solid's which it contains. 

Soluble-solids concentration and the freezing point 

OF CITRUS JUICE 

Since the concentration of soluble solids in the stylar halves of many 
segments of immature and newly matured citrus fruits was equal to, or 
lower, than that in the stem halves of the same segments (table I, figs. 1 and 
3), it is not surprising that freeze injury was found in the stylar as well as 
in the stem halves. Nor is it surprising that freeze injury was found in one 
segment of a given fruit and not in another when, as shown in figures 2, 4, 
5, and 6, there was such a difference in concentration of soluble solids in the 
different entire segments. These conditions prevail in the fruit at the time 
of the year when it is most likely to be subjected to freezing temperatures. 
Later, as already stated and as found by other investigators (2, 6, 12, 20, 22) , 
the concentration of soluble solids is noticeably higher in the stylar half than 
in the stem half of the fruit ; and it seems logical to conclude that if the fruit 
were subjected to freezing temperatures at this time, the injury would proba- 
bly register first in the stem half. 

The concentration of the total soluble solids in expressed sap does not, 
alone, determine the exact temperature at which this sap would have frozen 
while present in the tissues. Articles by other investigators in recent years 
have presented much data on this point, but they will not be reviewed here. 
Time and equipment were not available when these tests were made, to deter- 
mine the freezing point of the juice in situ in the segments or segment halves. 

A few tests were made, however, to determine whether the concentration 
of soluble solids in the juice expressed from immature and mature citrus- 
pulp tissues would give a reliable clue to the freezing-point trends of the 
expressed juice. The results of these tests are shown in table III. The 
fruits were not frozen before the juice was extracted. The peels were cut 
away from the immature Navels, as explained previously; the pulps were 
bisected transversely, and each half was subjected to 6,000 pounds pressure. 
The mature Valencias were bisected transversely without peeling, and the 
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TABLE III 

Soluble solids in juice and preezing-point depression op juice prom stem and stylae 

HALVES OF IMMATURE NAVEL AND MATURE VALENCIA ORANGES 


Fruit number 

Soluble solids in juice 

Freezing-point depression 

OP JUICE 

Stem half 

Stylar half 

1 Stem half 

Stylar half 


OP PRUIT 

OP FRUIT 

OP FRUIT 

OF FRUIT 


Navel oranges (immature) 



% 

% 



1 

9.07 

8.95 

0.989 

0.»80 

2 

9.01 

8.80 

0.979 

0.963 

3 

9.15 

8.95 

1.001 

0.997 

4 

9.61 

9.15 

3.026 

1.006 

5 

9.61 

9.35 

1.048 

1.019 

6 

9.77 

9.77 

1.079 

1.034 

7 

9.35 

9.35 

0.966 

0.962 

8 

9.50 

9.43 

0.974 

0.994 

9 

9.69 

9.49 

0.981 

0.967 . 

10 

9.50 

9.33 

0.976 

0.859 

11 

9.89 

9.43 

0.968 

0.960 

12 

9.07 

8.80 

0.978 

0.955 


Valencia oranges (mature) 


13 

16.44 

19.66 

1.935 

2.512 

14 

15.06 

17.46 

1.863 

2.200 

15 

14.06 

16.27 

1.590 

1.828 

16 

16.29 

17.58 

2.055 

2.379 

17 

15.24 

17.44 

3.780 : 

2.084 

18 

16.25 

17.51 

3.902 

2.118 

19 

14.90 

16,70 

1.719 

2.010 

20 

15.31 

17.69 1 

1.809 

2.287 


juice Avas reamed from each half. Soluble-solids and freezing-point determi- 
nations were made on the juice thus obtained from the two lots. The Navels 
used in these tests were about 4 months old, and the Valencias, about 17.5 
months old. Valencias were used because no mature Navels were available 
at the time these tests were made. 

The data in table 111 sIioav that the concentration of soluble solids was 
slightly higher in the stem than in the stylar halves of all the immature 
fruits except nos. 6 and 7, in which soluble solids Avere equal in the two 
halves. The freezing iioints were also slightly higher for the juice from the 
stem halves of all the fruits except no. 8. 

The extreme differences in concentrations of soluble solids and freezing- 
point depressions for the juice from the immature NaA^els were small, 1.09 
per cent., and 0.175° (\, respectiA^ely ; but if the differences between the stem 
and stylar halves are considered, they appear to be significant, since the 
results by the two methods shoAV the same trends. On the other hand, when 
the relationship between the soluble solids and the freezing-point depres** 
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sions is considered without reference to the differences in concentrations in 
the stem and stylar halves of the fruit, some discrepancies are evident. For 
example, the juice from the stem halves of fruits 4 and 5 had the same per- 
centage of soluble solids but different freezing-point depressions. 

The results of the tests on the mature Valencias (table III) show not 
only a marked increase in concentration of soluble solids over that of the 
immature Navels, but also concentrations much greater in the stylar than 
in the stem halves of the fruits. As would be expected, these increased con- 
centrations resulted in much greater depressions of the freezing points. 
Here again small discrepancies may be found, however, and a straight line 
would not be obtained if the percentages of soluble solids were plotted 
against the freezing-point depressions. 

The apparent discrepancies which appear in the results of these tests 
(table III) may have been caused by experimental error and by soluble inor- 
ganic constituents which had a marked effect on the freezing-point depres- 
sion and but little effect on the refractive index of the solution. Or they 
may have been caused by the j)resence of colloidal material which registered 
in the refractive index but had little or no effect on the freezing-point 
depression. 

As was previously stated, in earlier tests fruits were found in which 
freeze injury was evident in the stylar and not in the stem halves of the seg- 
ments. These findings, together with those given in table III, indicate that 
if immature Navels are subjected to the minimum temperature which will 
cause injury, the stylar halves of the segments will be injured first. 

Color differences in centrifuged juice 

The supernatant portion of the centrifuged juice from the two halves of 
a segment did not always have the same depth of color. Data of this kind 
were kept on the segments of only 80 of the fruits tested, and most of these 
segments were from mature or nearly mature fruits. Eighteen of the fruits 
showed no difference in the color of the juice from the stem and from the 
stylar halves of the segments. Of the 654 segments of the other 62 fruits. 
33 (5 per cent.) had darker juice in the stylar halves than in the stem halves ; 
328 (50 per cent.) had the darker juice in the stem halves; there was no 
appreciable difference, however, in the color of the juice from the halves of 
the remaining 293 segments, There were 5 fruits in which the juice from 
the stem half of every segment was darker than that from the stylar half. 

Differences in juice color were more prevalent and more noticeable in 
mature than in immature fruits and were |ound in all three varieties of 
citrus fruits tested — ^Valencia, Navel, and grapefruit. In addition to color 
there were often similar differences in the juice from the whole segments of 
a fruit 
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The degree of any color contrast was not accurately determined by the 
use of photoelectric or similar equipment, but was determined simply with 
the unaided eye. Where there was a color diflPerence in the juice from differ- 
ent portions of mature fruits, it appeared that the amount of carotene pres- 
ent might be the controlling factor. In immature fruits the juice was pale 
gray with a greenish tinge. Contrasts in juice of this kind appeared to be 
owing to differences in opacity rather than in color. 

As yet, no attempt has been made to isolate the substance or substances 
that are responsible for the color differences, nor is any special significance 
attributed at this time to their existence. Their significance, if any, and 
their explanation await further and more accurate tests. These data are 
included merely to give added evidence of the desirability and value of 
studying small portions of a given plant. 

Discussion 

The refractometer was used for determining the dry weights of the citrus 
juices, expressed iii terms of total soluble solids, because preliminary tests 
showed that the results obtained by this method were as accurate as those 
obtained by the dry -weight method and were much more rapidly determined. 
To test the dry- weight method, 25-ml. aliquots of juice were dried in vacuum 
at 72 to 73 cm. and at a temperature of 55*^ C. The results of the prelimin- 
ary tests are given in table IV. In tlirt^e of the five tests, the results obtained 

TABLE IV 

Comparison of percent voks of soluble solids in citrus juice, determined by drying 
IN VACUUM and with REFRACTOMETER 


PERIMENT 

DUMBER 

Soluble solids in juice 

Determined by drying 

Determined with 


IN VACUUM* 

refractometer 

1 

11.70 

11.83 

2 

11.76 

11.91 

8 

11.58 

11.57 

4 

9.34 

9.33 

5 

10.10 

10.26 


* Twcnty-five-ml. aliqtiuts of juice dried in vacuum at 72 to 73 cm. and at temperature 
of 55° C. 

with the refractometer are slightly higher than those obtained by the dry- 
weight method. It is not likely that the differences are significant, but if 
they are, it is probable that the results obtained with the refractometer are 
the more accurate because of the time element and the effect of the vacuum 
on the results given by the dry-weight method. The results compare very 
satisfactorily with those of Qortner and Hoffman (10), who used the re- 
fractometer for the determination of moisture as well as for the determina- 
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tion of colloidal material in expressed plant saps. Therefore, the determina- 
tion of the soluble solids by the refractive index of citrus juice is considered 
to be a rapid and an accurate method for determining: its dry weight. 

An unequal distribution of soluble solids has been found in fruits other 
than citrus. Lai^ (17) and Arciibold and Barter (1) have shown that the 
most highly colored half of an apple, when cut from stem to calyx, and the 
calyx half of the transversely cut apple, may contain a higher concentra- 
tion of soluble solids than the opposite halves. Harding (16) found the 
concentration of soluble solids was highest in the skin of the Jonathan apple, 
with a gradual decrease toward the pith. Tucker (21) and Scott (19) 
found an unequal distriWtion of soluble solids in different varieties of 
melons. 

It is possible that migration or redistribution of soluble solids in such 
fruits as apples and melons could be more easily explained than similar pro- 
cesses in citrus fruits. The segment (carpel) walls in citrus fruits, espe- 
<»ially the walls of the vesicles which contain the soluble solids, have a liigh 
degree of impermeability. Eeed (18) used different dyes on fresh vesicles 
and on those that had been treated with such substances as alcohol, ether, 
NaOH, and HCl and concluded that the lateral walls of the vesicles con- 
tained suberin or cutin, which made them comparatively impermeable. He 
found that the walls of the stalk and of the distal tip of the vesicle were more 
permeable than those of the body of the vesicle. From these results it would 
appear that to migrate from the stem end to the stylar end of the fruit, 
soluble solids would have to pass out of each vesicle stalk, in which there is no 
developed vascular tissue, through the segment wall, and into the surround- 
ing parenchymatous tissue of the peel. Prom there they would have to mi- 
grate slowly through this tissue toward the stylar end of the fruit or would 
have to find their way to one of the bundles of the peel, where they would be 
transferred more rapidly. All vascular bundles of the citrus fruit are 
separated from the walls of the segments by at least several layers of paren- 
chymatous tissue, except where they pass through the inner walls and into 
the ovules. 

That the segment and vesicle walls of citrus fruits are comparatively 
impermeable is further indicated by the work of Curtis and Clark (8) , who 
found that when the* two opposite sides of apples and tomatoes were kept at 
different temperatures, there was a movement of water, in vapor form, from 
the warm to the cool side. No such movement of water could be induced in 
oranges and potatoes by the same treatment. For a more extended discus- 
sion of the work on apples, see Curtis (7). , It may be mentioned here that 
similar t^ts had been made on oranges at the Citrus Experiment Station be- 
fore it was known that Curtis and Clark had done their work. The results 
were the same as those obtained by these men. The nature of the tissues in 
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the pulp of the orange is such that the movement of water is probably pre- 
vented largely by the comparative impermeability of the walls rather than 
merely by the absence of air spaces, as Curtis and Clark concluded- 

Several otlier theories might be advanced to explain the presence of a 
higher concentration of soluble solids in the stylar than in the stem end of 
mature citrus fruits. For example, there may be an uneven rate of respira- 
tory activity in the two ends of the fruit as it matures, or the soluble solids 
may naturally continue to flow in greater abundance to the tissues that have 
been most recently in a meristematic condition. The navel portion of the 
Navel orange contains a higher concentration of soluble solids than any other 
portion of the mature fruit, and it is the youngest portion of the Navel fruit. 

Inasmuch as there is no transfer of substance from one segment to 
another and each segment behaves principally as a separate unit, it is not 
surprising that one segment may have a higher concentration of soluble 
solids than another, even the adjoining one, in the same fruit. This condi- 
tion fits in very well witli the theory that each carpellary segment of the pulp 
of a citrus fruit represents a modified leaf, because no two leaves on a twig 
contain the same concentration of soluble solids. It is not the purpose of 
this paper, however, to present any argument for or against any theory con- 
cerning the ontogeny of citrus or other fruits. For recent discussions of 
three different tlieories on this subject, see Fames and MacDaniels, (9) ; 
Hayward, (16) ; and Gkegoire, (11). 

Sufficient data are not yet available to explain the north-south polarity of 
concentration of soluble solids in citrus fniits. That the different amounts 
of light received by the two sides of the fruit may be a factor is indicated by 
the fact that the difference in concentrations in the north and south halves 
of the fruit is usually greater in the fruits from the south than in those from 
the north side of the tree. Just why the shaded side of the fruit on the south 
side of the tree and the exposed side of the fruit on the north side of the tree 
should have the highest concentration is difficult to explain, unless one con- 
cludes that the south side of the south, east, and west fruits receive more 
direct light and, therefore, more heat, and that the resulting increase in 
respiration causes a decrease in total concentration of soluble solids in the 
south half over that in tlie north half of the fruit. This could not be true 
for the north fruit however, unless one were to conclude that the south half, 
though shaded, was warmer than the north half. 

A study of the vascular system of the citrus fruit does not afford any 
direct explanation for the condition under discussion. A transection 
through the center of the fruit shows as many vascular bundles in the center 
of the fruit as there are segments (carpels). Each bundle, as a rule, lies 
near the inner point of contact of each two adjacent segment walls. 
Branches from these bundles pass into surrounding parenchymatous tissue 
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and into the ovules, but they do not pass through or even contact the segment 
walls except at the point of attachment of the ovules. One large bundle may 
be seen in the mesocarp (spongy parenchyma of the peel) in the vicinity of 
the center of the external wall of each segment ; another, in a similar position 
but in the depression opposite the juncture of two segment walls. Branches 
from these main bundles pass into all parts of the mesocarp of the peel, but 
they do not penetrate or contact the tissues of the segment walls. The lack 
of direct contact of any of the vascular bundles with any of the vesicles, or 
even with the segment wall which surrounds the vesicles, would at least lead 
one to question the theory that the differences in concentration of soluble 
solids in different segments or parts of segments, are due to the difference 
in amounts of food or food materials supplied by the different vascular 
bundles of the fruit. It is probable that an explanation would more likely 
be found by a study of conditions inherent in the segments themselves. 

Summary 

Mature oranges and grai^efruit have a considerably higher concentration 
of total soluble solids in their stylar than in their stem halves. Immature 
fruits may have equal amounts in both halves or may have the higher concen- 
tration in their stem halves. The latter condition suggests an explanation 
for the fact that the stylar half of an immature fruit segment may be 
injured by low temperature while the stem half may remain uninjured. 

The concentration of total soluble solids in the segments of a given fruit 
may differ greatly, especially if the fruit is mature. This may be largely be- 
cause of the comparatively impermeable nature of the walls of the segments 
and juice vesicles. 

Of 130 fruits tested, 87 per cent, had a higher concentration of total sol- 
uble solids in their three north than in their three south segments. This con- 
dition was found whether the fruits were borne on the north, south, east, or 
west side of the tree, provided they were exposed, outside fruits. 

Apparently the concentration of soluble solids in a segment of a citrus 
fruit is not governed by the size of the segment. 

The total soluble-solids content of expressed citrus juice, determined with 
the refractometer, appears to be a reliable index to the temperature at which 
such juice will freeze. ^ 

In the citrus fruits tested, the color of the juice was not the same in all 
the segments of a given fruit, nor was the color always the same in the stem 
and stylar halves of the segments. 

Appreciation is expressed for assistance tendered by B. E. Janes and 
C. C. PAPK3J during parts of this investigation. 
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TOLBEANCE OF SHORTLBAF PINE SEEDLINGS FOR SOME 
VARIATIONS IN SOLUBLE CALCIUM AND 
H-ION CONCENTRATION^ 

A. G. Chapman 
(with five figures) 

Introduction 

Shortleaf pine, Pinus eehinata (Mill.), is known to be limited in its 
natural distribution to low-calcium, acid soils. The species occurs princi- 
pally on residual sandstone and shale soils and on acid, cherty soils, low in 
soluble basic compounds, derived by weathering from highly siliceous lime- 
stones. A few areas in the Central States region have high-calcium, acid 
soils which have been derived from calcium sulphate, or gypsum. Such 
areas are small and relatively unimportant in the portion of the region 
within which shortleaf pine occurs. Failures of seedlings at and soon after 
emergence have been experienced in attempts to produce planting stock in 
newly established forest nurseries containing neutral or alkaline soils high 
in .soluble calcium. In other nurseries, failures have been attributed to 
accumulation of basic compounds in the soil, resulting from sprinkling with 
alkaline water having a high calcium content. Apparently, the adverse 
effects of high-calcium neutral or alkaline soils on the seedlings are restricted 
to the early stages of seedling development ; when seedlings of plantable size 
develo])ed under favorable nursery soil conditions have been transplanted 
to neutral or alkaline field soils with relatively high calcium, they have sur- 
vived and grown quite acceptably. 

Apparently little attention has been given to shortleaf ])ine’s specific 
ranges of tolerance for soluble calcium and hydrogen-ion concentration. 
luLiCK and Auganbaugh (6), in studies on pitch pine, Pinus rigida (Mill.), 
observed that “for best results, it should have acid soil in the nursery. If 
there is an excess of lime in the soil, seedlings turn yellow. . . . Pitch 
pine . . . almost never occurs naturally on limestone soils. ... It is able 
to make good growth when planted thereon. . . . An excess of lime in the 
soil creates conditions which are most favorable for the activities of damp- 
ing-off fungi. . . . Under ordinary conditions, (seedlings) would occur 
there naturally, were they able to survive damping-off during the first six 
months after germination.” They did not mention any direct effects of 
exce.ss of lime upon the seedlings. After investigations on ponderosa pine, 
P. ponderosa (Dougl.), Howell (4) concluded that “calcium is not dele- 

lA contribution from tho Central States Forest Experiment Station, U. S. Forest 
Service, Columbus, Ohio. 

.Il.'t 
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terious to the seedlings. The fact that the plant does not assimilate the ion 
in alkaline soils may be of more importance.^’ He found indications that 
seedlings of the species grow best in an acid medium, but that under field 
conditions other factors may have more influence on growth than the soil 
reaction. 

The purpose of the present investigation was to determine whatever 
direct effects soluble calcium and hydrogen-ion concentration may have upon 
young seedlings of shortleaf pine and the ranges of tolerance of the seedlings 
for soluble calcium and hydrogen-ion concentration. The experiments were 
conducted in the greenhouse of the Department of Botany, Ohio State Uni- 
versity, in the spring of 1937, and in the Forest Service nursery near 
Chillicothe, Ohio, in the summer of that year. 

Materials and methods 

Two 5-unit series of cultures of shortleaf pine, each in duplicate (fig. 1), 
were set up in average-sized drinking glasses under greenhouse conditions 
and maintained for 18 days. The culture media of series A had a common 
level of calcium, 249 p.p.m., in solution but had pH values of 3.7, 4.4, 4.8, 
6.2, and 7.5 ; those of series B had a common pH value of 4.8, but their cal- 
cium levels were no calcium (except possible impurities in C.P. compounds) 
and 249, 1,245, 2,490, and 3,735 p.p.m. The excessive amounts of calcium 
were employed because at the time of the experiment no indication of seed- 
ling tolerance for calcium was available. 

Aside from differences in the culture solutions, the several units were 
similar in construction. In each glass 250 ml. of washed quartz sand had 
been placed, and in the center of each was a glass watering tube, held up- 
right by the sand and extending to the bottom. The sand in each glass wras 
watered with 80 ml, of a culture solution. Twelve shortleaf pine seeds 
which had begun to germinate between layers of moist cheesecloth were dis- 
tributed over the sand surface and covered wdth 30 ml. of dry sand. The 
quantity of culture solution was suflScieiit to bring the ‘‘solution table” to 
a point li inches below the surface and to maintain the surface layer in a 
moist — ^but not waterlogged — condition. 

The stock solutions used were modifications of the buffered solutions used 
by Hopkins and Wann (3) for culturing Chlorella sp. Their composition 
is indicated in table I. The amount of calcium used in any stock solution 
is indicated in terms of the quantity contained in the “balanced” culture 
solution, solution A. Solution A and the phosphate buffer solutions are 
identical wdth those used by Hopkins and ^Tann. Solution B contains no 
calcium, and contains nitrogen in the form of ammonium nitrate. Solu- 
tions C, D, and B have nitrogen added in the form of ammonium nitrate 
and calcium in the form of calcium acetate. Table II indicates in columns 
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Fig. 1. Cultures of sliortleaf pine seedlings, each in duplicate: A, in uniform water- 
soluble calcium and varied Il-ion concentration; and B, in uniform H*ion concentration 
and varied water-soluble calcium. 

3 to 6 the quantities and combinations of the solutions listed in table I which 
were used to obtain the final culture solutions. 

The original solution-table levels were uniformly maintained throughout 
the two series, by daily adding distilled water through the watering tube. 
Only the initial 80 ml. of culture solution was applied to any unit during 
the experiment. After 18 daj^s, none of the pH values had changed more 
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TABLE I 

Stook solutions feom which cultuee solutions week dbeived 


Stock solution 

Composition 

Solution A — (Ca x 1) 

1 

Ca(NOa)2 • HaO 

MgSO* • 7 HsO 
Fe^(BO,)Z 

Distilled water to 


2.95 gm. 
0.40 gm. 
0.005 gm. 
1,000 ml. 

Solution B — (Ca x 0) 

NH 4 NO, 

MgS04 • 7 11,0 
Fe,(S04)3 

Distilled water to 


2.00 gm. 
0.40 gm. 
0.005 gm. 

1.000 ml. 

Solution O— (Ca x 5) 

Ca(CJIaO ,)2 • H,0 
NH 4 NO, 

MgS04 * 7 H 2 O 
Fe,(S04)3 

Distilled ■water to 


10.296 gm. 

2.000 gm. 
0.400 gm. 
0.005 gm. 

1.000 ml. 

Solution D — (Ca x 10) 

Ca(C,H 30,)2 • ir ,0 

NH4NOa 

MgS04 * 7 11,0 
re,(S04)3 

Distilled 'W'ater to 


21.580 gm. 

2.000 gm. 
0.400 gm. 
0.005 gm. 

1.000 ml. 

Solution E — (Ca x 15) 

Phosphate buffer solutions 

1 

2 

3 

Ca(CaH30s)2 • H,0 
NH4NOa 

MgS 04 ' 7 HoO 
Fe,(804)3 

Distilled water to 

0.1333 mol. HjP 04 

0.1333 mol. KH 2 PO 4 
0.1333 mol. K 2 HPO 4 

32.984 gm. 

2.000 gm. 
0.400 gm. 
0.005 gm. 

1.000 ml. 

13.07 gm. per litei . 
18.156 gm. per liter. 
23.23 gm. per liter. 


than 0.2 unit. Seed and seedling mortalities for the several cultures during 
the 18 days, represented in figure 1, were used as the basis of judging the 
effects of the various gradations of calcium content and hydrogen-ion con- 
centration. Differences among them were tested for significance by Chi 
square (x^)* 

To observe any possible plasraolysis of cells, fresh root-tip sections from 
seedlings a few weeks old grown in acid soil media were placed in hollow 
ground slides for 2 hours and then examined under a microscope (1) in a 
series of solutions with a pH value of 4.8, ranging in calcium content from 
249 to 1,245 parts per million, (2) in the solution of series A having a 
pH value of 6.23, as presented in table II, and (3) iji distilled water. The 
series of solutions, the calcium content of which ranged from 1 to 5 times 
the amount in the ‘'balanced’^ solution, were employed in order that the 
point of plasmolysis, if any, might be detern^ned rather definitely. Simul- 
taneously, germinating seeds were placed on a series of filter papei’s satu- 
rated with the several solutions for observation of any toxic effects. 

Osmotic values of the solutions in which tests were made for plasmoljdic 
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TABLE II 

I^IXTUBES OP SOLUTIONS LISTED IN TABLE I TO OBTAIN THE FIVE LEVELS OP PH 
AND OF CALCIUM IN CULTITKE SOLUTIONS 


Initial rH 
(ELECTRO- 
METRIC) 

Calcium 

Solution 

AND 

VOLUME 

0.133 Mol. 
H«PO, 

0.133 Mol. 
KH,P04 

0.133 Mol. 
KaHP04 

Series A 

p.p.m* 

ml. 

ml. 

ml. 

ml. 

3.70 

249 

A-125 

30 

115.00 


4.37 

249 

A-125 


125.00 


4.82 

249 

A~125 


121.88 

3.13 

6.23 

249 

A-325 


87.50 

37.50 

7.53 

249 

A-125 


25.00 

100.00 

Series B 






4.82 

0 

B-125 


121.88 

3.13 

4.82 

249 

A-325 


121.88 

3.13 

4.82 

3245 

0-325 


121.88 

3.13 

4.82 

2490 

D-125 


121.88 

3.13 

4.82 

3735 

1 

E-125 


121.88 

3.13 


action on root cells were determined by the cryoscopic method. For com- 
j)arison with these values, osmotic values of a solution of alkaline nursery 
soil in wliich germinating seed had died and of the expressed saps of roots 
and tops of seedlings from the same lot were obtained. 

To determine ])ossible effects of the hydrogen-ion concentrations of soil 
media upon those of sap of shortleaf pine seedling roots, pH values of 
expressed saps from seedling roots grown in soils of different acidity were 
determined. 

Measurements of the buffer ca})acities of two lots of expressed root sap 
of seedlings a few weeks old were made on 10-ml. samples by titration 
against N/10 solutions of HCl and NaOH. The roots used were from two 
lots of seedlings grown in a single nurseiy bed in an alkaline soil having a 
pll of 7.1 and an acid soil having a pH of 5.6. Only a few yellow-green 
seedlings still survived in the alkaline soil. Drops of N/10 HCl were 
thoroughly mixed with a sap sample, one by one, until the pH was lowered 
to approximately 3.5, })H being recorded after the addition of each drop. 
Similarly, a N/10 NaOH solution vras mixed with a sap sample until the 
])H value was imu'cased to 8.2, })H being recorded after the addition of each 
drop. The results of the titrations were plotted on semilogarithmic paper, 
pH values on the logarithmic scale and volume of added solutions on the 
arithmetic scale (fig. 2). 

In an effort to increase the buffer caj)acity of the cell sap of roots of 
seedlings growing in nursery soil, superphosphate was applied to plots of 
seedlings developing in a section of a bed where the soil had a pH value of 
5.5. Other plots of seedlings in the same section of bed were not treated. 
After a month, roots of seedlings from the fertilized plots and from the 



818 


PLANT PHYSIOLOGY 



8€ 84 88 80 88 86 84 88 SO 16 16 14 18 10 6 6 4 8 0 8 4 6 6 <0 18 14 16 16 80 28 84 

DROPS OF 10 HYDROCHLORIC ACID DROPS OF ft SODIUM HYDROXIDE 


Tig. 2. Results of titration of two lots of sap expressed from roots of shortleaf pine 
seedlings grown in acid (pH 5.6) soil and in alkaline (pH 7.1) soil against N/10 HCl 
and N/10 NaOH. Trends of curves indicate relative buffer capacities. 

unfertilized plots were lifted and tested for buffer capacity in the manner 
described for tests on seedlings growing in acid and alkaline soils. Colori- 
metric phosphorus tests were made on samples of expressed sap from the 
two lots of seedling roots. 

Amount of water-soluble calcium was determined on the nursery soils 
which had proved toxic to seedlings and on those which had not, for com- 
parison with the amounts of soluble calcium in the culture solutions indi- 
cated in table II. 

Results 

Greenhouse sand cultures 

The results of the sand cultures are presented in figure 1 and in table 
III. Figure 1, A, represents the results of the tests on shortleaf pine seed 
and seedlings in culture media with five levels of pH and uniform calcium 
at the end of 18 days. Original pH is indicated on each container, varying 
from 3.70 through 4.37, 4.82, and 6.23 to 7.53. It may readily be observed 
that no notable eflEect was produced upon seedling behavior by successively 
higher degrees of alkalinity up to and including pH 4.82. In the pair of 
cultures having a pH of 6.23, seedling growlh rate was low and mortality 
was high. In the culture medium ’^^ith pH 7.53, 18 of the 24 seeds con- 
tinued to germinate until emergence, but all seedlings died. When the 
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behavior of seedlings in cultures having pH values of 6.23 and 7.53 is com- 
pared with that of seedlings in the three cultures having lower values (table 
III, series A), it is clear that the differential was greater in mortality of 
seedlings than in mortality of germinating seed. It should not be over- 
looked, however, that germination was lower in the high-pH media than in 
the low. In regard to series A, the hypothesis was that the behavior of 
both seed and seedlings in all cultures did not differ from that of the control 
culture, with pH 4.82. The Chi-square (x^) tests indicated that only the 
seed and seedlings in cultures having pH values of 6.23 and 7.53 behaved 
in a way differing significantly from that of the control. 

TABLE III 

Chi square (x*) tests of significance of differences* in behavior or seed and 

SEEDLINGS IN UNIFORM CALCIUM AND VARIED H-ION CONCENTRATION AND 
IN UNIFORM H-ION CONCENTRATION AND VARIED CALCIUM 

Series A. Uniform calc’ium (249 pp.m.), varied h ion concentration 


pII value 

Sped 

Seedlings 

SURVIV 
ING TO 
IMFR- 
GENCE 

Not sur 

VIVING 

Signifi- 

cance 

BYx* 

TEbT 

Total 

OBSERVED 

Surviv- 
ing AT 
18 DAYS 

Not sur- 
viving 

Signifi- 

cance 

BYx*“ 

TEST 


nvmber 

fi umber 


number 

number 

number 


4.82 1 

22 1 

2 


22 

14 

8 


3.70 

24 

0 


24 

18 

6 


4.37 

21 

3 


21 

13 

8 


6.23 

18 

G 

t 

18 

4 

14 

$ 

7.53 

18 

6 

+ 

18 

0 

18 

5^ 


Series B. Uniform h-ion concentration (pH 4.82), varied calcium 



Seed 

Seedlings 

Cvlcium 

LFVEL 

Surviv- 
ing to 

Not si r- 

Signifi- 

cance 

Total 

Surviv- 
ing at 

18 day® 

Not sur- 

Signifi- 

cance 


EMER- 

GFNCF 

VIVING 

BYx^ 

TEST 

observed 

ViVING 

byx® 

TEST 

p , p , m . 

n umbei 

number 


m/mbar 

number 

1 number 


1 xt 

22 

2 


22 

14 

! 8 


Ox 

22 

2 


22 

15 

7 


5 X 

15 1 

9 

$ 

15 

0 

15 


10 X 

14 

10 

§ 

14 

0 

14 


15 X 

7 

17 

§ 

7 

0 

7 

$ 


* Determined by Yate’r method (!» table VHI;. $;= significant at the 5 per cent, 
level. 

t Control hypothesis. 

$ = highly significant at the 1 per cent. lc\el. 

Figure 1, B, represents results of tests in culture media with five levels 
of soluble calcium and a common pH level of 4.82. Responses of germi- 
nating seed and of seedlings in cultures containing no added calcium and 






320 


PLANT PHYSIOLOGY 


in cultures containing 249 parts per million of added calcium were closely 
parallel. In each of these pairs of cultures, 22 of the 24 planted seed 
germinated and 34 per cent, of the seedlings died. Chi-square tests indi- 
cated that behavior of seed and seedlings was not significantly different for 
these two cultures, but that the mortality in each of the three cultures with 
higher calcium was significantly greater than that in the control culture 
(table III, series B). 

Relative osmotic pressures 

In table IV are given the corrected freezing-point depressions and cal- 
culated osmotic pressures of (1) 11 culture solutions, containing 1 to 5 times 
as much calcium as the “balanced’’ solution; (2) a calcareous nursery soil 
solution; and (3) the expressed sap of the roots and tops of young seedlings 
grown in acid soil. The pressures for all the culture solutions are lower 
than that for the expressed sap of the roots, 5.30. The alkaline soil solution, 
with a pH value of 7.8, had an osmotic pressure of only 0.42, a value closely 
approximating those for agricultural soils. The osmotic pressures of ex- 
pressed saps of roots and top have the general relation characteristic for 
most plants, a top-root ratio of more than 1 : 1. 

TABLE IV 


Freezing-point depression and osmotic pressure of culture solutions, 

HIGHLY CALCAREOUS SOIL, AND CELL SAP OF ROOTS AND TOPS 
OF YOUNG SHORTLEAF PINE SEEDLINGS 


Material 

Freezing-point depres- 
sion (corrected) 

Osmotic pressure 

Culture solution 

® U. 

atm. 

a. pH 4.8, Oa, X 1 

-0.265 

3.39 

b. pH 6.2, Ca X 1 

- 0.320 

3.85 

c. pH 4.8, Ca X 1.45 

-0.330 

3.97 

d. pH 4.8, Ca x 1.90 

-0.335 

4.03 

e. pH 4.8, Cax 2.36 

- 0.340 

4.09 

f. pH 4.8, Cax 2.81 

-0.350 

4.21 

g. pH 4.8, Cax 3.27 

-0.355 i 

4.27 

b. pH 4.8, Cax 3.72 

-0.360 i 

4.33 

i. pH 4.8, Ca x 4.38 

- 0.360 ' 

4.33 

j. pH 4.8, Ca X 4.63 

-0.370 

4.45 

k. pH 4.8, Ca x 5.00 

-0.380 

4.57 

Calcareous soil solution 

(pH 7.8) 

-0.115 

0.42 

Expressed seedling sap 

Boot 

- 0.440 

5.30 

Top — 

-0.810 

9.75 


None of the culture solutions listed in tarible IV plasmolyzed cells of sec- 
tions of young seedling rootlets submersed in them for 2 hours. This was 
expected, on the basis of the relative osmotic pressures of expressed root 
sap and the solutions. After 48 hours, however, it was evident that germi- 
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nating seed on filter papers saturated with the solutions containing more 
calcium than the ‘‘balanced^’ solution had been injured. 

Buffer capacities of expressed saps 

The buffer capacities determined on expressed root saps are presented 
graphically in figures 2 and 3. Figure 2 shows the relative buffering 
against change* in pH of lots of sap from young seedling roots grown in 
acid (pH 5.6) and alkaline (pH 7.1) nursery soils. The generally parallel 
curves with closely similar gradients to the left of the zero ordinate indicate 
that there was little difference in the buffering of the two samples of sap 
against au acid. The reading on the glass-electrode potentiometer at the 
point of 22 drops of added acid solution indicated a 0.3 greater change for 
the sap having the higher pH value. This difference may not be significant. 
Both saps appeared well buffered in contrast with distilled water. When 
titrated with the N/10 alkali, the saps responded not only more quickly but 
differently; 6 drops of the alkali produced a change in pH of 2.1 in the less 
acid sap, but a change of only 0.9 in the more acid sap. The divergence 
of the curves must be observed in the vertical direction of the double arrow. 
The flattening off of the curves at their outer extremities was probably 
t-aused by buffering effects of sodium salt accumulation. 

It may be noted that the pH value of the sap from seedlings produced 
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Fio. 3. Results of titrating cell sap expressed from roots of phosphorus-fertilized 
and unfertilized short leaf pine seedlings against N/10 HCl and N/10 NaOH, In each 
cose, the nursery soil had a pH value of 5.5. Trends of curves indicate relative buffering. 
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in alkaline soil was 5.4 and that of the sap from seedlings produced in aeid 
soil was 4.8. While these two values have undoubtedly been affected in 
part by the corresponding soil-medium values, they do not equal the latter, 
which indicates a degree of buffering. 

The buffer capacity of the cell sap of seedlings was somewhat increased 
by adding superphosphate to the soil. Colorimetric tests revealed a some- 
what higher phosphorus content in the expressed sap of fertilized plants 
than in that of unfertilized plants. Little difference in buffering could be 
distinguished between the saps of fertilized and unfertilized seedlings when 
they were titrated against ^cid (fig. 3). A difference between these saps 
in buffering was indicated, however, when they were titrated against alkali. 
This differential is manifest in the pronounced divergence of the two graphs 
as viewed properly along lines parallel to the ordinate. Application of 12 
drops of N/10 NaOH produced a change in pH value of i 2 3 in sap from 
fertilized seedlings and one of + 2.8 in sap from unfertilized seedlings, a 
difference of 0.5. 


Water-soluble calcium 

Water-soluble calcium tests indicated a high differential between soils, 
in two portions of the same nursery bed, which proved toxic and non-toxic 
to young seedlings developed from the same lot of seed (figs. 4 and 5) In 
the portion of the bed which produced thrifty seedlings (fig 5), the surface 
inch of soil, with a pH value of 4 5, contained from 40 to 50 p p m of water- 



PiG. 4. Portion of nursery bed having 500 p.p.m. of water-soluble calcium and a 
pH of 7.8, in which shortleaf pine seedlings failed. In background, on similar soil, heavy 
growth of red dover. 
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Fig. 5. Portion of same bed illustrated in dgure 4 having 40 p.p.m. of water-soluble 
calcium and a pH of 5.4, in which shortleaf pine seedlings survived and developed well. 
In background, on similar soil, alsike clover. 


soluble oaleiuni. In a portion of the bed where more than 98 per cent, of 
the seedlings died soon after emergence (fig. 4), the surface inch of soil, 
with a j)H value of 7.8, contained 500 p.p.m. of water-soluble calcium. A 
thicker, harder crust formed on the surface of the alkaline soil than on that 
of the acid soil. This crust was high in calcium; probably evaporation had 
effected a concentration of Ca(HCO}) 2 . 

Determinations of the pH values of the soil in different portions of this 
nursery bed were confirmed h} the beliaAuor of red clover, Trifdlmm pra- 
fcnsc L., and alsike clover, T, hyhridxnn L., sown in mixture in an adjoining 
bed as a soiling crop. It is known that red clover develops well only on 
neutral oi- alkaline soils, and that alsike cloA^er develops well on acid soils. 
On soil adjacent to that determined to have a pH of 7.8, a dense cover of 
red clover with little or no alsike developed (fig. 4) ; on soil adjacent to that 
determined to have a pH of 4,5, a less dense stand of alsike clover (fig. 5). 

Discussion 

The I'csults of the present investigations contribute to isolation of the 
factors which confine the germination and survival of shortleaf pine to acid 
soil media low in soluble calcium. High soluble-calcium content and low 
hydrogen-ion concentration, or either one, may be lethal to germinating 
seed or young seedlings of this species (figs. 1 and 4, and table III). The 
effects of the factors studied are certainly direct physiological ones, not 
indirect ones brought about through creation of substratum conditions more 
favorable to damping-off fungi, since examination of the dying seedlings 
indicated no attack by parasitic fungi. This explanation is counter to that 
offered by Illiok and Ai^ganbattgh (6) for nonoccurrence of pitch pine 
on calcareous soils. 
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It appears improbable, because of the osmotic-pressure values deter- 
mined (table IV) and of absence of flaccid cells from root sections sub- 
mersed in culture solutions, that the injury took the form of plasmolysis 
of the root cells. This is particularly true for seedlings grown in nursery 
soil having an osmotic pressure of only 0.42 atmosphere. It is recognized 
that the osmotic pressure of cell sap may be affected by such factors as water 
content of cell and soluble organic and inorganic substances in the cell, 
which in turn vary with conditions of the substratum and with growth 
processes. The value (5.30) for the expressed root sap at the time of deter- 
mination was not static, but subject to change within certain limits in the 
direction of change of solute content of the culture medium. Meyer and 
Anderson (6) recognized that *‘all species can become adjusted within lim- 
its to a change in the mineral salt content of the substratum. This adjust- 
ment takes the form of an increase in the osmotic pressure of the plant with 
an increase in the osmotic pressure of the medium from which it obtains 
its mineral salts.’’ In view of such response of plants to osmotic-pressure 
changes in their culture niedia, it seems that shortleaf pine seedlings were 
in no danger of plasmolysis or physiological drought in culture solution 
^‘k” (table IV). 

The pH values of the expressed saps of plants vary according to species, 
mostly between 3.0 and 7.0 according to Meyer and Anderson and others. 
For a particular si)ecies, the value may vary — ^within rather definite limits — 
from time to time and from one part of a plant to another without injurious 
effects. Truog and Meacham (9) and Haas (2) found that the juices of 
most plants grown in unlimed soils were more acid than the juices of plants 
grown in limed soils. While the limits within which the pH values of sap 
of shortleaf pine seedling roots may fluctuate without injury have not been 
determined, it has been established that the values do vary with the acidity 
of the soil media. 

It has been observed (fig. 1, and table III) that seedlings developed at 
pH 6 .23 survive in significantly lower proportion than seedlings developed 
at lower pH values. Seedlings might be expected to tolerate a somewliat 
higher pH value in natural soil media than in culture solutions. No effort 
was made to determine the specific effect or effects of H-ion concentration 
in the culture solutions upon the cell protoplasm. (See Miller (7), 
45-51, 262-265, and 1087-1088.) Of the many cell structures and processes 
known to be affected by H^ and OH“ ions, it is not known which were 
adversely affected in these experiments when hydroxyl ions became toxic. 

While a change in pH may effect a change'in the relation of the elements 
in a soil medium which are essential for metabolic processes in seedling 
plants, there is little basis for belief that seedlings in the germination stage 
can be seriously affected by deficiency of minerals in the soil. Small quan- 
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titles of iron, phosphorus, and other basic* ions present in soil media are 
often rendered unavailable by pH values above 6.5; but materials stored in 
the cotyledons are sufficient to support growth beyond the period in which 
most of the seedling deaths in these experiments took place. 

The cytoplasm and cell sap of most plants, known to be buffered differ- 
ently, are buffered within rather definite limits. It is recognized that the 
buffering of the expressed sap of shortleaf seedling roots (figs. 2 and 3) in 
general rei)resents that of the root cells. The curves in figure 2 have two 
important features. First, both lots of expressed sap were much more 
highly buffered against the acid than against the alkali. (Cell saps are 
usually more highly buffered against one than against the other.) The saps 
were, in fact, buffered against a pH value lower than those found in many 
natural soils. Second, the sap of the roots from the a(*id soil was more 
highly buffered against alkali than the sap of the roots from the alkaline 
soil. This difference may be attributable to the smaller amount of phos- 
phorus available in the latter soil, evidem^ed by (*olorimetric phosphorus 
tests on the two saps. The curves in figure 3 indicate that buffer capacity 
was somewhat increased by adding superphosphate to an acid nursery soil 
in which seedlings were developing; the difference might have been signifi- 
cantly greater if the super])h(>sphate had been applied to an alkaline soil — 
a ])(>int for further study. 

On the basis of theory, the ex])lanation may be advanced that the toxic 
effect of excess calcium on the seedling root cells consists in a change in 
the permeability of the protoplasmic membranes, the degree of toxicity 
depending upon the ionic concentration of calcium. Raber (8) and others 
have expressed tlie theory that calcium at first det^reases the permeability 
of these membranes and later increases it. In these experiments, increase 
in permeability may have been sufficient to result in free diffusion of sub- 
stances in either direction through the cell membranes and finally, in culture 
media of high soluble-cal(*ium content, in disorganization of the protoplasm 
in the root cells of seedlings. 

The restri(*tions placed on seedling growth by calcareous soils may have 
a serious adveise effect on important phases of a forestation program. 
Shortleaf })ine, if planted on old fields with high-calcium soils, may fail to 
perpetuate itself through natural regeneration. Unless nursery sites are 
judiciously selected on the basis of species tolerance for soil factors, costly 
soil-management practices become imperative!}^ necessary for seedling pro- 
duction. As in the nursery beds used in these experiments (figs. 4 and 5), 
high water-soluble calcium is usually associated with high pH values, and 
low water-soluble calcium with low pH values. Reliable evidence of the 
viability of seed of shortleaf pine, necessary to production of high-quality 
nursery stock, can best be obtained by correlating seed responses with com- 
position and condition of the germination media. 



326 


PliANT PHYSIOIjOGY 


Summary 

Germinating seed and young seedlings of shortleaf pine cannot survive 
in culture media having a soluble-calcium content of approximately 500 
p.p.m. or more and a pH value of approximately 6.5 or more or having 
either of these characteristics. This was evidenced by behavior of seed in 
greenhouse cultures and of seedlings in nursery beds. 

The osmotic pressures of the culture solutions and a solution of the 
alkaline nursery soil were not sufficiently high to effect plasmolysis of the 
seedling root cells. 

Expressed sap of roots »of seedlings a few weeks old was more highly 
buffered against an acid than against an alkali. Sap from roots developed 
in an acid soil was more highly buffered against the alkali than was that 
from roots developed in an alkaline soil. Buffering of the cell sap of roots 
may be somewhat increased by applying phosphorus to soils low in that 
element. The pH values of expressed root saps were lower in all instances 
than those of the soil media in which the roots developed. 

Possibilities as to the nature of the toxic effects of liigh soluble-calcium 
and low hydrogen-ion concentrations on the root cells are briefly discussed. 

High calcium content of the soil may prevent natural reproduction of 
planted shortleaf pine stands, increase the cost of soil management in forest 
nurseries, and render inapplicable the results of seed germination tests. 
Central States Forest Experiment Station 
Colttmbus, Ohio 
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THE EFFECT OF AERATION ON GROWTH OF THE 
TOMATO IN NUTRIENT SOLUTION" 

William Donald Dueell 
(with nine figures) 

Introduction 

It has long been recognized among plant physiologists that the air rela- 
tions of roots have an extremely important bearing on both the vegetative and 
the reproductive phases of plant growth. It has been shown many times that 
on submerged soils and soils impermeable to air, most plants develop poorly 
or <lie early. Tlie most common illustration of this fact is the “drowning 
out’^ of wheat in the Spring when water collects in small depressions of the 
ground. 

The consensus of opinion among experimenters is that the air relations 
of roots have a direct influence on the absorption of water and on the absorp- 
tion of nutrient ions from the soil solution, as well as on the more direct 
respiratory requirements of the roots as needed for the continual prolifera- 
tion of new root tissue and root hairs. 

Experimentation has shown that it is not the excess of water itself which 
is injurious, since plants develop perfectly in water cultures. It is, rather, 
a lack of aeration resulting from root-submersion which is harmful. Many 
plants grown in a nutrient solution will develop successfully only when the 
roots have direct a(‘cess to sufficient oxygen in solution, as when the solution 
is thoroughly aerated, or when air is carried into the solution by means of 
continuous solution renewal, 

Sachs (12), in his early work with nutrient solutions, discovered that the 
aeration of some of his cultures resulted in increased growth. After his 
work in 1860, the subject was given attention by various workers from 1901 
to date, and it has been repeatedly shown that lack of aeration of the nutrient 
medium is an extremely important limiting factor in plant growth. 

Arkeb (3), working with lupines, found that root growth was ae(*elerated 
by passing air through both soil and water cultures. Hall, BrenchIjEY, and 
Underwood (8), using lupines and barley, found that aeration of the nutri- 
ent medium resulted in a 50 per cent, increase in total dry weight of plants. 
Pember (11), found that barley plants did not respond to aeration when 
grown in solutions renewed periodically every two weeks. Free (7), work- 
ing with buckwheat in solutions whicli were renewed every two weeks found 
that bubbling air, oxygen, or nitrogen through the culture solutions produced 
neither beneficial nor injurious effects, but that the same treatment with 
carbon dioxide caused injury within a few hours, and death after a few days. 

1 This investigation was supported in part by a research grant from the Research 
Committee of the Graduate School, University of Kansas. 
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Allison (1) and Allison and Shive (2), showed that continuously re- 
newed solutions produced soybean plants which were superior in all respects 
to those grown in periodically renewed solutions. Aeration of periodically 
renewed solutions resulted only in an increased root development. Aeration 
of continuously renewed solutions resulted in a marked increase of both tops 
and roots. 

Knight (9), using maize plants in soil cultures, found that aeration of the 
roots brought about a definite increase in dry weight. In water cultures, 
the maize plants failed to respond to aeration. It is noted here, however, that 
Elodea canadensis was use^ to aerate the solution, and that the quantity of 
oxygen liberated into the solution by this method may well have been too 
little to affect the growth of maize. Wallflowers and Chenopodium album 
on the other hand, showed considerable increase in dry weight when aerated 
by this method. Knight also found that the root growth of maize was 
correlated inversely with the carbon dioxide content of the solution, rather 
than directly with the oxygen content. 

Clark and Shive (6), showed that aeration of continuously renewed 
solutions produced a marked increase in growth of both tops and roots of the 
tomato. The influence of aeration upon top growth "was more pronounced 
than it was upon root growth. Although the plants in the non-aerated 
solution were much smaller, they started to blossom and fruit earlier than 
did those in aerated cultures. At the time of harvest (81 days) the aerated 
plants, however, showed evidence of yielding a much larger (*rop of fruit than 
the non-aerated plants, 

Loehwing (10), working with the sunflower and soybean in soil and sand 
cultures, found that aeration, providing less than 10 liters of air per kilo- 
gram of soil or sand per day caused early rapid growth and produced taller 
and heavier plants; it also resulted in larger root systems, more rapid 
nutrient absorption, and a much increased total weight. When more than 
10 liters of air per kilogram of soil or sand was used, liowever, the plants 
were injured and retarded to a point even below that of the (Controls. Tliis 
work suggests the possibility, under certain conditions, of reaching a point 
of excessive aeration which might have an adverse effect on plant growth. 
There is a possibility that Loehwino^s results might not apply to the 
aeration of a nutrient solution, where there would be no ]>ossibility of 
mechanical drying out of the roots. 

Arrington and Shive (4), using the tomato, showed that aeration of a 
continuously renewed nutrient solution produced a marked increase in the 
absorption rates of cation, anion, and total nitrogen over the corresponditig 
rates from a non-aerated solution. Yields produced by aerated cultures were 
approximately double the yields produced by the non-aerated cultures. 
Carbon dioxide accumulation in the culture solutions was found to be with- 
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out effect on growth, rate of nitrogen absorption, or oxygen content of the 
solutions. This work of Arrington and Shive demonstrated that lack of 
dissolved oxygen in the culture solution is a limiting factor in the growth of 
the tomato, rather than the carbon dioxide content, as suggested by Free (7), 
and by Knight (9) . 

It will be seen from this review of experiments on lupines, barley, buck- 
wheat, soybeans, and tomatoes, that there is much evidence to indicate that 
aeration of the nutrient solution produces plants superior in vegetative 
growth to those grown in unaerated solutions. It is also apparent that past 
investigators have used a number of widely different methods for supplying 
the nutrient solution to the plant. Some of these methods have undoubtedly 
resulted in efficient aeration of the solution ; others have resulted in varying 
degrees of insufficient aeration. These various methods might be outlined 
as follows : 

1. TJnaerated, unrenewed solutions, where the plant is allowed to com- 
plete its growth witliout the solutionis being changed, renewed, agitated, or 
aerated. 

2. Unaerated solutions replaced periodically by removing all the old 
solution and refilling to volume with new. 

3. Unaerated solutions renewed periodically by adding new solution to 
vol ume. 

4. Unaerated solutions renewed continuously with fresh solution, added 
by means of a dri}>. 

5. Unaerated solutions renewed periodically by analysis and reidace- 
inent of water and absorbed salts. 

6. Till renewed solutions aerated by bubbling air through the solution. 

7. Periodically renewed solutions aerated by bubbling air through the 
solution. 

8. Continuously renewed solutions aerated by air which is carried in 
along with the new solution. 

9. Solutions periodically renewed but continuously circulated, and 
aerated by air wdiich is forced in by the circulation mechanism. 

As far as is know^n, no quautitath’e study has been made concerning the 
effects on plant grow'th of different degrees of aeration of the nutrient solu- 
tion ; nor has any optimum point been found, with regard to degree of aera- 
tion, for either vegetative growth or fruit production. As stated by Alli- 
son and SiiiVE (2), it is impossible, on the basis of our present knowledge, to 
specify optimum conditions as regards oxygen reciuiremeuts for plants in 
general, qnce these recpiirements have been shown to be distinctly variable 
among dinerent species and even different varieties. It should be entirely 
possible, however, to specify through experimentation, the optimum condi- 
tions regarding oxygen requirements for a particular variety of plant in a 
given nutrient medium under controlled conditions. 
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It is evident that there is need for more knowledge concerning the effects 
of aeration on plant growth. Until we can discover the optimum air re- 
quirements of roots for certain plants under controlled conditions, and until 
we can standardize our treatment of such plants, our conclusions in the field 
of plant nutrition must necessarily be incomplete. 

In view of the dearth of experimental information regarding quantitative 
aeration requirements of plants such as the tomato, and in view of the many 
existing commercial greenhouse installations for the use of nutrient solution 
cultures in producing crops of various plants, and of the distinct future 
commercial possibilities in this direction, it seemed advisable to set up an 
experiment with the following aims in view ; 

1. To determine, if possible, the optimum aeration for both vegetative 
and reproductive growth of the tomato plant. 

2. To determine, if possible, the effect of varying amounts of aeration on 
total fruit production and on speed of fruit production as well as on dry 
weight of leaves, stems, and roots. 

Procedure 

The plant of the experiment involved a study of the tomato plant, variety 
Louisiana Red, as grown in nutrient solution, receiving five different treat- 
ments as regards aeration of the roots. 

Seeds were planted in flats of clean sand, and the seedlings grown there 
for approximately three weeks, receiving frequent watering with the same 
nutrient solution that was used later in the experiment. When about 7 cm. 
high, the young plants were transferred to their permanent locations in the 
excelsior screens. 

The nutrient solution used for all cultures was that found by Shive and 
Robbins (13), to produce excellent growth of tomatoes under average green- 
house conditions. It was composed as follows : 

Salts KH,PO, Ca(N0»)2.4H20 MgSO^.THsO (NH*) 8 S 04 

Molar concentration 0.0023 0.0045 0.0023 0.0007 

In order to supply the necessary trace elements, a supplementary solution 
which had proved beneficial in previous experiments at the University of 
Kansas was added to the nutrient solution in the following amounts : 

Salts HaBOa MnSO^.THaO Zn804.7Ha0 CuS 04 . 5 Ha 0 

Parts per million 0.5 0.5 0.2 0.1 

As a source of iron, iron tartrate in 0.5 per cent, solution was added 
regularly to the nutrient solution to give a concentration approximating 0.5 
parts per million. Throughout the experiment, chlorosis was entirely pre- 
vented by the addition of iron tartrate in combination with carefully con- 
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trolled acidity of the solution. Daily titrations were made, and the hydro- 
gen-ion concentration of the solutions was carefully kept within a range of 
pH 5.0 to 6.0, which was shown by Clark and Shive (6) , to include the point 
of maximum nitrate nitrogen absorption. 

The culture tanks (4 feet by 10 feet by 6 inches) were made of heavy- 
gauge black iron, welded, and coated on the inside with hot asphalt. 

Four snugly-fitting frames were constructed out of 2- by 4-inch lumber 
for each tank. One-inch-mesh iron wire screening was attached to the 
bottom of each frame, and the whole unit coated heavily with hot asphalt. 
Clean white pine excelsior was then placed in each screen to a depth of four 
inches to form a permeable supporting medium for the plants. 

Asphalt covered heating cable was installed in the bottom of each tank 
and the entire installation regulated thermostatically to keep the solutions 
at a temperature ranging between 75® and 80° P. 

Seedlings selected for uniformity were placed in the screens, sixteen to 
a tank, so that their roots were immersed in the solution which was two 
inches below the screen. 

Tank no. 1 was filled with a mixture of one-third well-rotted cow manure 
and two-thirds sandy loam, as is practised in the commercial growing of 
tomatoes. This tank was furnished with several drainage outlets at the 
bottom, had no excelsior screen, and was watered regularly with water only. 
This tank was instituted here to compare the results of normal plant growth 
in soil with the others of the series. 

Tank no. 2, in addition to the excelsior screen covering the solution, was 
fitted with a layer of heavy asphalt and sisal-bonded paper so that the plant 
stems projected through small holes. This was arranged in order to prevent, 
as much as possible, any diffusion of air into the solution. This treatment 
was instituted as a control to determine the results of growth in a solution 
lacking aeration. 

All other treatments were set up to furnish varying degrees of aeration 
of the solution and to determine its effect on growth. In tank no. 3, as in 
nos. 4, 5, and 6, the excelsior screen was left uncovered and open to maximum 
diffusion of air through the screen into the solution. 

Tank no. 4 was set up with a continuous drip-bubble apparatus after the 
method of Shive and Stahl (14). A 50-gallon accessory tank of nutrient 
solution was connected with a length of rubber tubing, and the solution fed 
into a Pyrex capillary feed-tube drop by drop, each drop carrying with it 
into the solution a de&iite amount of trapped air. At no time was there any 
overflow from this tank. A series of pinch-clamps regulated the flow of 
solution, and only enough was supplied to keep the level of the solution at 
a point corresponding with that of all other tanks. As the plants in this 
tank matured, it was necessarj" to increase the rate of flow of solution, and 
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consequently, the amount of air supplied to the solution. Weekly checks 
were made, however, on the amount of air supplied, and the calculation of 
2.5 ml. of air per plant per minute for tank no. 4 is based on the avera^re of 
these observations. 

Tank no. 5 was furnished with a supply of compressed air f?iving 37.5 
ml. of air per plant per minute. The air was supplied at this rate continu- 
ously, and was broken up by means of an aspirator into extremely small 
bubbles when making contact with the solution. 

In tank no. 6, the solution level was slightly lower than in the others. 
The excess solution was led by gravity through an overflow pipe into a small 
covered tank. As the solution accumulated in this small tank, it actuated a 
centrifugal pump, thus pumping the excess solution into an overhead tank. 
From this tank, the solution flowed by gravity again into the main no. 6 
tank, providing a continual circulation of the solution. The overhead tank 
supplied enough pressure that the solution could be squirted through Pyrex 
nozzles with some force into the main no. 6 tank in which the plants were 
growing. The average amount of air delivered into the solution, along with 
the returning solution, was calculated to be 250 ml. per i)lant i)er minute. 
The amounts of air used here were not planned as ideal quantities, but were 
rather the uncalculated results of eificiently functioning equipment. While 
not ideal for their purpose, it was felt that they would give useful indications 
of the effects of greatly differing amounts of aeration. 

It should be noted here that the plants in all tanks but no. 1 received 
similar treatment except as to aeration of the nutrient medium. Daytime 
air temperature was kept between 65° and 70° P. and at night between 60° 
and 65° P. The temperature (75°--80° F.) of the nutrient medium was in 
all cases the same. All plants received the same solution and all received 
the same amount of new solution per plant per day, as well as the same 
amount of total solution per plant. 

Tanks no. 2, 3, 5, and 6, were given a supply of new solution to volume 
every 48 hours. Tank no. 4 differed only in that it received its supply of 
new solution to volume continuously, drop by drop. 

For purposes of clarity in discussing experimental results, use wdll be 
made of the following descriptive terms: Treatment no. 1 will designate 
treatment of plants growing in tank no. 1, treatment no. 2 will designate 
treatment of plants growing in tank no. 2, etc. 

Results 

The cultures described here were startejl on January 1, 1939, and all 
plants were harvested on May 21, 1939. Fruit was picked and weighed as 
it ripened, and an accurate account was kept of the daily production of 
plants receiving different treatments. Leaves and petioles fallen by abscis- 



DUBEIiL: AERATION AND GROWTH IN NUTRIENT SOLUTIONS 


333 


sion were kept at the base of each plant for inclusion in the harvest. The 
dry weights quoted were obtained by storing the material in a hot dr^" room 
for several months, then drying it further in a vacuum oven at 80°, 

Fruit raoDucTiON 

The average fruit production per plant for each treatment based on the 
unit of aeration is shown in figure 1. 



Fig. 1. Average fruit production per plant per unit of aeration. 


The increase in both ripe fruit and total fruit production, due to aeration 
of the nutrient solution, is clearly illustrated by this table. The diflEerenee 
in results between treatments 3 and 4 is highly significant. The differences, 
however, between treatments 1, 2, and 3, and the differences between treat- 
ments 4, 6, and 6, are not considered significant, as the percentage variation 
is less than 10 per cent. The average speed of ripe fruit production per 
plant for each treatment, based on the number of days of growth, is shown 
in figure 2. 
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An interpretation of these results indicates that an extremely small 
amount of aeration of the nutrient medium, such as that of treatment no. 3, 
has a beneficial effect on the speed of ripe fruit production only in the early 
stages of growth. Plants receiving treatment no. 3, however, show a dis- 
tinct lag in speed of ripe fruit production, especially in the later period of 
grotvth, behind plants given treatments no. 4, 5, and 6, all of which received 
a greater amount of air than those given treatment no. 3. 



OhYS OF OROWTB 

Fig. 2. Speed of production of ripe fruit per plant per unit of aeration. 

On the other hand, a greater degree of aeration, as represented by treat- 
ments no. 4, 5, and 6, had a much more beneficial effect on both total fruit 
production and speed of ripe fruit production. 

The most pronounced feature of these results, however, is the fact that 
the aeration requirements for optimum fruit 'production are low. Amounts 
of air greater than 2.5 ml, per plant per minute have very little effect on 
either total fruit production or speed of ripe fruit production. This can 
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perhaps best be uoted in figure 3, where the results of treatments 2, 4, 5, 
and 6, supplying no air, 2.5 ml., 37.5 ml,, and 250.0 ml. of air, respectively, 
per plant per minute are plotted in a curve based on amount of air per plant 
per minute. 


AVSRAOE FRUIT PRODUCnOR PVR PUNT FIR OF AIRATIOV PER PLMT FIR tniiuni 
1600 . 



ml. OF AIR PER IFIHUTZ PER PUNT 

Fig. 3. Average fruit production i»cr plant per ml. of aeration per plant per minute. 

The slig:lit superiority of treatment no. 2 over the soil f]:rowii plants of 
no. 1 is not sig*nificant; it nii«;ht jmssibly be clue to a stimulus of the repro- 
ductive phase of the plant, brought about by a lack of oxygen. This conclu- 
sion is apparently borne out by the fact that treatment no. 2 produced less 
vegetative growth than any one of the other treatments including no. L 

Vegetative growth 

The average dry weight of roots per plant, based on the unit of aeration 
is illustrated in figure 4. 

The beneficial effect of air is clearly shown here by the fact that treat- 
ment no. 2, with no aeration, produced the smallest dry weight of roots. 
Treatments no. 1 (the soil grown plants) and no. 3 (receiving diffused air) 
each produced significantly larger quantities of roots than did treatment 
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1. S. S. 4 . 6. 6. 

SOIL COMTROL D1ITU6X0H 8.5 Ml. 37.5 ml. 850. ■!. 

Fig. 4. Average dry weight of roots per plant per unit of aeration. 


no. 2; treatments 4, 5, and 6, all receiving an aeration of more than 2.5 ml. 
per plant per minute each produced much larger quantities of roots than 
either no, 1, 2, or 3. These results indicate that, as in the case of fruit 
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production, the air requirement for optimum root production is low; 
amounts of air over 2,5 ml. per plant per minute have very little effect on 
the production of roots. 

Figures 5 and 6 show the average dry weight of stems and leaves per 



£>0IL CONTflOL VltFUSlON £.S ml, 57, t «1, BbO, ml. 

Fig. 6. Average dry weight of leaves per plant per unit of aeration. 

plant, based on the unit of aeration. The beneficial effect of aeration is 
clearly shown in both tables. The smallest average weight of both stems 
and leaves was produced by plants receiving treatment no. 2, which pro- 
vided no air, while the dry weights of plants receiving the other treatments 
are seen to exhibit a proportional response to the amount of aeration per 
plant per minute. 

An interpretation of the results indicates that the aeration requirements 
for optimum stem and leaf production are high. This is shown by the fact 
that the greatest amount of both stems and leaves was produced by plants 
receiving treatment no. 6, which provided the greatest amount of air. It is 
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possible that the optimum amount of aeration for stem and leaf production 
was not reached in these experiments. 

The average, total dry weight per plant including leaves, stems, and 
roots, based on the unit of aeration is illustrated in figure 7, 

AVBUUIt 909ML mCI lEIOBT <STEMS^ ROOTS. AND X£AVBS) FSR nANT PER DHTT OP AERATION 



SOIL CONTROL DIPZDSION £.5 ml. A7.& ml. 800. ml. 

Fig. 7. Average total dry weight (stems, roots, and loaves) per plant per unit of 
aeration. 

Figure 8 shows the effect of increasing amounts of aeration on total dry 
weight. The rising curve here again indicates, perhaps more clearly, the 
possibility that the optimum amount of aeration for total vegetative growth 
was not reached in these exjieriments. On the other hand, the marked in- 
creaseitat dry weight due to even a small amount of aeration is clearly shown. 

No attempt was made to determine the various oxygen tensions of the 
solutions receiving different air treatments, shown by figures 6, 7, and 
8, hoWpver, it is possible that none of the cultures received the. amoput of 
dissolved oxygen in the solution which was necessary for optimum vegeta- 
tive growth. The possibility is clear therefore, that none of the culture 
jsolutions was aerated to a point of oxygen saturation. 
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■1. or AIR PER ISIRUTE PER PUNT 

Pig, 8. Average total dry eight (stems, roots, and leaves) per ml. of aeration per 
plant ])er minute. 

Several interesting observations were made during the course of the 
experiment. 

The roots growing in tank no. 2, iinaerated, tended to project their root- 
tips above the level of the solution, and to produce a large number of long- 



Fig, 9. Boot system of mature plants grown in tank no. 2. Several root tips shown 
projecting above the surface of the solution. 
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lived root hairs in the dami) atmosphere between the solution and the 
asphalt-paper covering. The roots of the aerated tanks, however, kept their 
root-tips below the level of the solution and produced a very small number 
of root-hairs. 

The fruit produced by these plants was sampled by several persons, and 
no noticeable effect of aeration on the quality of the fruit was discovered. 
The fruit produced by solution-culture plants, however, was definitely firmer 
and meatier than that produced by the soil-grown plants. This observation 
was confirmed when some of the fruit was canned. 

At the time the plants were harvested, plants receiving treatments num- 
ber 1, 2, and 3, had slowed down considerably in their rate of vegetative 
growth; plants in tanks 4, 5, and 6, however, appeared to be continuing 
their vegetative growth at an unchanged rate. 

Summary 

In this paper a quantitative study was made of the effects of aeration of 
the nutrient solution, as related to the frait production and vegetative 
growth of the tomato. 

1. Aeration was shown to have a decidedly beneficial effect on the pro- 
duction of fruit, as well as on the vegetative growth of roots, stems, and 
leaves. 

2. Aeration of the nutrient medium merely by natural diffusion of air 
had no significant effect on total fruit production or upon the speed of ripe 
fruit production, except in the early stages of growth. 

3. Aeration of the nutrient medium by artificially supplying the solution 
with 2.5 ml. of air per plant per minute, or more, greatly increased both total 
fruit production and the speed of ripe fruit production. 

4. Optimum fruit production was obtained when the nutrient solution 
was supplied with 2.5 ml. of air per plant per minute. Increasing the rate 
of aeration was without effect. 

5. Optimum production of roots was obtained when the nutrient solution 
was supplied with 2.5 ml. of air per plant per minute. Increasing the rate 
of aeration was without effect. 

6. Optimum production of stems and leaves was probably not obtained 
in this experiment. Intern and leaf production, within the limits of the 
experiment, are shown to be proportional to the rate of aeration; the great- 
est production was obtained with a supply of 250 ml. of air per plant per 
minute. 

TBK UmTEBSITX OF Eaksas 

Lawsenoi!, Kansas 
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LACTIC ACID FORMATION IN ALCOHOLIC FERMENTATION 

BY YEAST 

Leonora A. IIokl and M. A. Joslyn 
(with four figures) 

Introduction 

The role of lactic acid in alcoholic fermentation has been of interest to 
all investigators who have concerned themselves with the chemistry of this 
process. Pasteur (26) did not regard lactic acid as a product of normal 
alcoholic fermentations. His evidence indicated that its occurrence in fer- 
mented media was always associated with the presence of contaminating 
organisms. Subsequently, its occurrence in alcoholic fermentations, free of 
bacteria, was established, and several theories were proposed in which lactic 
acid pla3"ed the role of a three-carbon intermediate between sugar and tlie 
end products, carbon dioxide and alcohol. Buchner and Meisenheimer 
(3) on the basis of their work with yeast press juice, fii*st reported lactic 
acid to be smdi an intermediate; later, however, as a result of experiments 
made with pure yeast cultures, they concluded that live A-easts neither form 
nor ferment lactic acid. Slator (29) failed to agree with Buchner and 
Meisenheimer ' s earl^" work, considering lactic acid as a by-product rather 
than intermediate in alcoholic fermentation. The proponents of the Wohl- 
Schade (6, 18, 26) hypothesis held lactic acid to be an intermediate imoduct 
in alcoholic fermentation. Neuberg and Tir (23), Fernbach and Schoen 
(9, 10), and Euler and Lindner (8), also presented evidence for the inter- 
mediate role of lactic a(*id in alcoholh* fermentation. Among those who 
could not confirm this evidence were Kerb and Zeckendorf (16), and 
Kostychev and Frey (17). Oppenheimer (24) considered lactic acid to 
be a b.v-product of alcoholic fermentation. His work indicates that either 
dih.vdroxA'acetone or glyceric aldehA^de (probabl.v the latter), may be re- 
garded as precursors of lactic acid. Meanwhile Neuberg (20, 21, 22), 
presented evidence to show that meth.vl gl.voxal was the precursor of lactic 
acid in both yeast fermentation and that brought about by animal tissues. 
He considered the formation of lactic acid from sugar quite probable. The 
foregoing as well as many other investigations (27, 28), of the role of lactic 
acid in alcoholic fermentation were conducted chiefly to determine tlie 
mechanism of its formation and cannot be cited as evidence of its occurrence 
as a by-product of normal alcoholic fermentation. The frequent occurrence 
of lactic acid bacteria in alcoholic fermentations makes many of the early 
investigations of doubtful value. Recent reports (1, 5, 7, 13) have postu- 
lated the formation of lactic acid as a bj^-product of alcoholic fermentation 
of sugar hr pure yeasts. Durmishidze (5) concludes that lactic acid is a 
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true by-product of alcoholic fermentation of sugars and is not formed from 
malic acid nor in significant amounts from the nitrogenous constituents of 
the medium. It is a constant bj^-produet and formed to about the same 
extent by several strains of yeast examined. 

The purpose of this investigation is to determine the course of lactic acid 
formation in relation to the utilization of sugar during alcoholic fermenta- 
tion by pure yeasts and to determine the effect of some external conditions 
upon the total quantities of lactic acid formed by these yeasts. 

Methods 

I 

Seven closely related strains of yeast were used in this investigation. 
They were all found to be strains of Saecharomyces cereviseae (Hansen) 
Stelling-Dekker, when classified according to Stelung-Dekker (30). 
The strains designated as Burgundy and Champagne were originally from 
the collection of Pacottet of France (2). Numbers 2338 and 2368 were 
obtained from the American Type Culture Collection in July, 1937. The 
former was labelled Saecharomyces ellipsoideus, and the latter Saccharo- 
myces cereviseae. The Tokay strain was originally from California Fruit 
Industries, Ltd. Yeast number 66 was isolated by Cruess ( 4 ) and the Frei 
Brothers^ (FB) strain was isolated by the writers from a naturally 
fermenting vat of wine at Frei Brothers^ Winery, Healdsbiirg, California, 
1935 vintage. 

The media used for the experiments included grape juice, wort, and an 
artificial medium which was a modification of Williams and Saunders^ 
(31) medium with the rare elements and asparagine replaced by a small 
amount of yeast extract. The composition of this artificial medium was 200 
gm. dextrose, 3 gm. ammonium sulphate, 2 gm. potassium acid phosphate, 
0.25 gm. calcium chloride (CaCl-i * 2 H 2 O), 0.25 gm. magnesium sulphate, 
and 30 ml. yeast extract (containing 0.25 per cent, nitrogen, and 1.5 per 
cent, total solids), per liter. The media were sterilized in flowing steam for 
a period of one hour on each of three successive days. 

Yeast starters were generally prepared by transferring a loopful of yeast 
from a young stot*k agar slant to a small volume of the particular medium 
to be used in the experiment. This was transferred after two or three days 
to another portion of "the same medium. After two more days the experi- 
mental media were inoculated, using sterile serological pipettes, with a vol- 
ume of this second culture, amounting to one per cent, of the volume of the 
medium being inoculated. The fermentations were conducted at room tem- 
perature, 18-25® C., averaging 22® C. Most df the fermentations were made 
in duplicate. There was dose agreement between duplicates and only the 
averages are included in the tables. 

The total volatile acidity was determined by titrating in the hot, 100 ml. 
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of steam distillate from a 10-ml. sample. The residts thus obtained are prob- 
ably somewhat hiprh, since variable amounts of lactic acid are volatile with 
steam. The pH was determined by the quinhydrone electrode. Sugar was 
determined by Hassid’s modification of Whitmoyee’^ procedure ( 14 ), 
Total fixed acidity was determined by subtraction of total volatile acidity 
from total titratable acidity, the latter being determined by direct titration 
of a sample diluted with hot water. Lactic acid was determined by the 
method of Friedemann and Graeser (11). After evaporating the alcohol, 
those samples containing less than 0.2 gm. sugar per 100 ml. of medium, 
were prepared for analysis by treatment with copper sulphate and calcium 
hydroxide suspension.^ Aliquot portions of the filtrate were then oxidized 
and titrated as described by Friedemann. After removal of alcohol, those 
samples containing more than 0.2 gm. of sugar per 100 ml., were acidified 
(with 2 ml. of 1 4 4 H2SO4 for each 100 ml. of medium), and extracted with 
diethyl ether for fifty hours in a continuous liquid extractor. The excess 
ether was then distilled off, and the sample was made to the original volume 
in a volumetric flask of suitable size. These extracts were then treated 
exactly as were the other samples. This was necessary to avoid errors due 
to aldehyde formation on oxidation of malic, tartaric, and succinic acids 
( 11 ). 

Results and discussion 

Lactic acid formation during fermentation of grape medium 

Tall eight-liter bottles fitted with sampling tubes, were filled with six 
liters of Thompson Seedless gra})e juice, having 116 milli-mols (20.9 gm.) 
of total reducing sugar (as dextrose), 6.34 milli-equivalents of total acid, 
3.73 milli-equivalents of tartrate, and 0.12 milli-equivalents of total volatile 
acid per 100 ml. The pH was 3.67. This medium did not contain any lac- 
tic acid but had a trace of formic acid. These were sterilized and individ- 
ual bottles inoculated with the seven pure yeast strains. Samples of ap- 
proximately 100 ml. were withdrawn from the fermentations at intervals 
determined by the relative rate of fermentation over a total period of 75 
days. The yeasts were removed from the samples by centrifuging, and the 
samples were then frozen and stored at ~ 18° C. until the analyses could be 
made.* At the end of the experiment the yeast sediment was examined 
microscopically and both dilution and streak plates were made on suitable 
media to verify the purity of the cultures. No contaminants were found. 

The data obtained for Frei Brothers’ yeast are given in table I, and 

^ Preliminary experiments on known solutions showed that there was 95 per cent, 
recovery of lactic acid from samples thus treated. 

2 Before the total titratable acidity was determined the tartrates which had been 
precipitated as a result of freezing were brought back into solution by heating the sam- 
ple's in crown capped bottles and allowing them to cool again to room temperature. 
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TABLE I 

Formation or lactic acid during alcoholic fermentation of grape 

MEDIUM BY FREI BROTHERS^ YEAST 


Time 

Sugar 

UTILIZED* 

Tot\l 

volatile 

ACID 
FORMED t 

Total 

FIXED 

ACID 
FORMED t 

Lactic 

ACID 

formed 

Ratio 

Equivalent 
lactic acid 
Equivalent 
volatile acid 



w. moJs 

w. (q. 

m. cq. 

w. eq. 


12 

hr. 

7 

( i .04 

0.10 

o.n 

2.75 

24 

< t 

12 

0.37 

0.49 



36 

t i 

1 20 

0.49 1 

0.87 

0.29 

0.59 

48 

( i 

24 

0.50 

1.12 

0.25 

0.50 

59 

1 1 

31 

0.53 

1.23 



72 

i ( 

50 

0.71 

1.17 j 



83 

< t 

67 

0.72 1 

1.25 

0.35 

0.48 

96 

t ( 

67 

0.73 

1.32 

0.37 

0.50 

108 

1 1 

72 

0.75 

1.25 



120 

1 1 

82 

! 0,79 

1.39 

0.49 

0.62 

6 

davs 

88 

0.81 

1.23 

0.62 

0.76 

7 

< ( 

98 

0.79 

1.07 



8 

t i 

104 

0.79 

0.93 

0.75 

0.95 

9 

t < 

107 

0.83 

0.59 

0.75 

0.90 

31 

1 1 

111 

0.81 

0.67 

0.89 

1.09 

14 

( t 

314 

0.88 

0.91 



17 

i { 

113 

0.85 

0.56 

1.09 

1.26 

21 

t i 

114 

0.86 

0.49 

3.11 

3.40 

26 

i ( 

134 

0.83 

0.14 

3.31 

1.57 

33 

( t 

114 

0.85 

0.21 

3.20 

3.41 

38 

( i 

114 

0.86 

1 0.17 

1 3.15 

, 1.33 

46 

t i 

114 

0.86 

-0.04 

' 1.10 

1.27 

60 

i t 

115 

0.86 

-0.14 

1.17 

1 3.36 

75 

1 1 

135 

0.89 

1 -0.23 

1 1.27 

I 1.42 


* Milli-mols per 100 ml. 
t Milli-equivalents per 3 00 ml. 

those for yeast 2338 are graphically preswted in figure 1. In table II the 
significant trends in the acid data for all seven strains are summarized. It 
is evident from these data that lactic acid, in contrast to volatile a(dd 
(acetic) was produced throughout the fermentation of the sugar, while 
volatile acid accumulated most rapidly during the fermentation of the first 
half of the sugar (15). » This fact is reflected in the ratios of the respective 
acids formed to the sugar utilized. The ratio of volatile acid formed to 
sugar utilized rose to 0.03 during the first 24 hours of fermentation ; during 
the ensuing 60 hours while the first half of the sugar was being fermented, 
the ratio dropped to 0.01, It thereafter dropped rather slowly, while the 
remaining sugar was being fermented, to 0.007, where it remained until the 
end of the experiment. The ratio of lactic acid formed to sugar utilized, 
on the other hand, attained its maximum of 0.015 after 24 hours and there- 
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&RAPE MEDIUM 



Fia. 1. Formation of lactic* acid, volatile acid, and total fixed acid in relation to 
alcohol formation and sugar utilization in grape medium by yeast 2338. 


after remained close to, or slightly below, 0.01. It ilius shows a steady 
formation of lactic acid throughout the course of the fermentation. The 
same trend is reflected in the ratios of lactic acid to volatile acid formed at 
the various stages of fermentation. 

In figure 2 the relationships between lactic acid formed and sugar uti- 
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Quantities expressed as milli-equivalents per 100 ml 
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GRAPE. MEDIUM 



jut/iK uTiu2eo muimou fu looctj — * 

Fig. 2. Eclation between lactic acid formed and sugar utilized by Frci Brothers^ 
yeast in grape medium. 

X = ratio of total mols lactic acid formed per total mols sugar utilized. 

O = differential of increase in mols lactic acid formed to decrease in mols sugar 
utilized. 

lized by Frei Brothers’ yeast fermenting the grape medium are graphically 
presented. The solid line shows the ratio of total lactic acid formed to total 
sugar utilized, plotted against milli-mols sugar utilized. It may be seen 
that the ratio was relatively high at the beginning of fermentation and then 
dropped gently during the main course of the fermentation. During the 
final stages of the experiment after the sugar had all been utilized, lactic 
acid continued to be formed, thus producing a steep rise in the curve. This 
final rise in the curve indicates that in this stage, at least, lactic acid has 
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some precursor other than sugar; probably organic acid, such as tartaric 
acid, present in the grape juice medium. The broken line is interpolated 
among the calculated experimental points representing the ratio of the 
change in lactic acid to the change in sugar plotted against sugar utilized. 
This line was carried only to the completion of the sugar utilization since 
beyond this point it would approach infinity owing to the continued lactic 
acid formation after complete sugar utilization. 

Tables I and II and figure 1 also show that the net total fixed acidity 
formed during the fermentation of grape juice by these yeasts readied a 
maximum when approximately half the sugar was fermented, and then 
dropped to about zero when fhe sugar was just fermented; it continued to 
drop thereafter to an average value of about minus one milli-equivalent per 
100 ml. of medium at the end of fermentation. Determination of the tar- 

TABLE III 

Formation of lactic a(1d dcring alcoholic fermlntxtton of ARTiFiciMi 

MEDIUM BY FeEI BROTHERS * YEAST 


Time 

Sugar 

utilized* 

Tot\l 

volatile 

ACID 

formed! ! 

Total 
fixed i 

ACID 

formed! 

Lactic 

ACID 

formed! 

Batio 

Equivalent 

LACTIC ACID 

Equivalent 

VOLATILE ACID 



m. moh 

m. eq. 

m. eq. 

w. (q. 


24 

hr. 

5 

0.08 

0.02 

0.05 

0.61 

48 

( { 

9 

0.26 

0.30 



60 

t ( 

11 

0.35 

0.21 

0.06 

0.17 

72 

i ( 

12 

0.43 

0.31 



84 

i ( 

15 

0.48 

0.60 



96 

( i 

17 

0.55 

0.61 

0.15 

0.27 

308 

i i 

18 

0.63 

0.65 



320 

i t 

20 

0.67 

0.59 i 

j 


6 

days 

26 

0.83 

0.57 

0.18 

0.22 

7 

< < 

33 

1.04 

0.64 I 

0.33 

0.31 

8 

t ( 

39 

1.12 

0.52 1 

0.41 

0.36 

9 

( i 

47 

1.31 

0.43 



10 

i < 

51 

1.43 

0.61 



11 

t ( 

58 

1.52 

0.90 ; 

0.52 

0..34 

12 

( t 

69 

1.58 

1.08 



13 

i i 

71 

1.68 

0.94 



14 

i t 

76 

1.70 

1 0.92 



16 

i < 

85 

' 1.85 

1.55 



18 

1 1 

93 

1.86 

1.76 

0.69 

0.37 

20 

t i 

100 

1.98 

3.42 

0.73 

0.37 

23 

i < 

102 

1.91 

1.55 

1 1.12 

0.58 

27 

( t 

303 

2.00 

1.86 



32 

( < 

104 

1.87 

3.69 



38 

t ( 

304 

1.91 

1.63 

» 1.29 

1 0.67 

45 

i ( 

j 104 

1.96 

1.28 

3.38 

0.70 


* Milli-mols per 100 ml. 
t Milli-equivalentg per 100 ml. 
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taric acid and tartrates^ present in the orig:ina1 and final samples showed 
that this net loss in fixed acid formation was due to utilization of tartrate 
as an accessory carbon source, which apparently started at an early stage 
of the fermentation. This utilization of tartrate was suflScient to mask the 
formation of lactic acid. Frei Brothers’ yeast showed the lowest net loss 
of fixed acid but its lactic acid accumulation was typical of the group. 

Table II shows that there were slight individual differences among the 
yeasts with respect to the quantities and rates of lactic* acid formation in 
the grape medium; in general, however, this acid accumulated throughout 
the fermentation. With Burgundy, Tokay, ami Champagne yeasts there is 
some evidence of utilization of lactic acid as a carbon source, after sugar had 
been depleted. Meissner (19) observed lactic acid destruction in wines 
free of sugar to be correlated with an increase in volatile acidity, but he 
was probably dealing with contaminated cultures. In these experiments 
there was no marked correlation of this nature. 

The pH values remained fairly close to 3.5 throughout fermentation of 
Ihe grape medium by all seven yeasts. 


Lactic acid formation during fermentation of artificial medium 

The artificial medium having 106 milli-mols dextrose, 1.77 milli-equiva- 
lents total acid per 100 ml., no volatile acid, no lactic acid, and a pH of 4.38, 
was fermented with the seven yeasts and samples were withdrawn as in the 
previous experiment. In tables HI and IV and in figures 3 and 4 the data 
are presented in a manner corresponding to that used for the data from the 
grape medium. In general, the quantities of lactic acid formed and the 
relation of these to the quantities of sugar utilized by the respective yeasts 
were very similar in this medium to those observed in the grape medium. 
The ratios of lactic acid to volatile acid formed were considerably lower in 
the fermentation of this medium than in that of the grape medium since 
the actual quantity of volatile acid formed was higher in the artificial 
medium than in the grape medium. The trend of these ratios, however, 
was quite (*omparable in both types of media. From figure 4 it can be seen 
that, following the initial high point, the ratio of lactic acid formed to sugar 
utilized remained fairly constant; when the sugar had all been utilized, 
it rose rapidly be<*ause of continued lactic acid formation. The ratio 

varied in a manner similar to that found in the grape medium, 

A sugar 

Total fixed a(*id formation in this medium continued to rise, though irregu- 
larly, throughout the entire period of the experiment. 

The pH of this medium dropped within the first three or four days from 

J These were determined by the official procedure of the Association of Official Agri- 
cultural Ohoniists (1935, p. 168.) 
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Amounts expressed as milli-equivalents foruied per 100 ml 
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ARTIFICIAL MEDIUM 



T/A9£ /A/ DAYS 

Fig. 3. Formation of lactic acid, volatile acid, and total tixed acid in relation to 
alcohol formation and sugar utilization in artificial medium bv yeast 2338, 

its initial value of 4.38 to 2.6-2.8, at which point it remained throughout 
the fermentation. 

No very marked differences were noted among the seven strains with 
respect to amount and rate of lactic acid formation. 
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SUGMt tmUZBO (MtUiMLS PSft IOO<-c> > 

Fig. 4. Belation between lactic acid formed and sugar utilized by Frei Brothers^ 
yeast in artificial medium. 

X=: ratio of total mols>llM2tic acid formed per total mols sugar utilized. 

O = differential of increase in mols lactic acid formed to decrease in mols sugar 
utilized. 

EffecI? of carbon source and nitrooen source upon lactic 
ACID formation 

To determine the effect of carbon source and nitrogen source upon lactic 
acid formation, several natural and artificial lAedia were fermented with 
three of the yeasts (66, Champagne, and 2368). The natural media were 
white and red grape juice, diluted white grape concentrate, and unhopped 
beer wort. For the artificial media, the basic medium was modified. In 
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TABLE V 

Effect of cabbon and nitrogen source ttpon lactic acid production 


Yeast 66 


( ' \RBON SOURCE 

Nitrogen source 

Sugar 

UTIL- 

IZED* 

Lactic 
acid 
FOR MED t 

Total 

FIXED 

acid 

FORMED t 

Ratio: 

EqUIV. LACTIC 
ACID formed 

MOLS SUGAR 
UTILIZED 



m, moh 

m. eq. 

;w. cq. 


White grape juice 

White grape juice 

120 

0.26 

1.90 

0.016 

Red grape juice 

Red grape juice 

112 

-0.71 

0.95 

0.008 

Diluted grape 

Diluted white 





concentrate 

gra])e concen- 






trate 

110 

0.92 

0.98 

0.009 

Wort 

Wort 

81 

0.57 

0.60 

0.007 

CoreloBe 

Liebig ^s beef 






extract 

109 

2.23 

2.15 

0.019 

Ccreloae 

Peptone 

110 

1.49 

1.25 

0.011 

Ccj-eloae 

Urea 

110 

1.41 

1.39 

0.012 

Oerelose 

Asparagine 

111 

1.16 

1.45 

1 0.013 

Ceroloae 

1- Aspartic acid 

no 

- 0.32 

1.28 

1 o.on 

CVreloae 

3* Alanine 

14 

1.50 

0.23 

, 0.016 

Ceroloae 

dl- Ala nine 

no 

2.01 

1.39 

0.013 

Oerelose 

dl-Leucine 

no 

1 1.73 

1.53 

0.014 

Cereloae 

Glvcine 

81 

1 1.75 

0.74 

0.009 

Oerelose 

(NTL).SO, 

9o 

J..56 

0.90 

0.009 

Dextrose 

(NHOoSO, 

86 

1.36 

0.66 

0.007 

Lc'vuloae 

(NII,),SO, 

9.1 

1.76 

1.42 

0.015 

d-(ialactoae 

(Nn.)3SO. 

63 

2.32 

0.75 

0.012 

Maltose 


7r» 

2!24 

0.82 

( o.on 

Sucrose 


97 

1.82 

0.90 

1 0.009 



Champagne yeast 

White grape juice 

White grape juice 

120 

0.58 

1.85 

0.015 

Red grape juice 

Red grape juice 

112 

-1.42 

1.87 

0.016 

Diluted grape 

Diluted white 





concentrate 

grain* concen- 






trate 

no 

0.38 

1.31 

0.012 

Wort 

Wort 

81 

0.37 

0.42 

0.005 

Oerelose 

Liebig ’a beef 






extract 

91 1 

1.90 

1.95 

0.021 

Oerelose 

Peptone 

no 1 

0.61 

1.04 

0.009 

Oerelose 

Urea 

no 

1.45 

1.01 

0.009 

Oerelose 

Asparagine 

no 

1.24 

1.17 

0.010 

(Vrelose 

1-Aspartic acid 

109 

-0.17 

1.50 

0.014 

(Vrelosc 

3'Alanine 

8 

1.00 

0.26 

0.032 

Oerelose 

dl-Alanine 

no 

1.67 

1.14 

0.010 

Oerelose 

dl-Leucino 

106 

1.49 

0.84 

0.007 

Oerelose 

Glvcine 

50 

3.74 

0.27 

0.005 

Oerelose 

(NIL),S 04 

65 

1.15 

0.44 

0.007 

Dextrose 

(niDbSO* 

80 

1.42 

0.60 ‘ 

0.007 

Lovuloso 

(NH4)^04 

89 

1.59 

0.71 

0.008 

d'Oalactose 

( mu ) so . 

3 




Maltose 

(NH*)«S04 

59 

1.62 

0.82 

0.014 

Sucrose 

(NH4)aS04 

65 

1.26 

0.53 

0.008 
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TABLE V — {Continued) 





Yeast 2368 


C\RBON SOURCE 

Nitrogen source 

Sugar 

UTIL- 

Total 

FIXED 

ACID 
FORMED t 

Lactic 

ACID 

Batio : 

Equiv. lactic 

ACID FORMED 



IZED* 

FORMED t 

Mols sugar 

XmLIZED 

White grape juice 

White grape juice 

w. mols 
113 

w. eq, 
0.62 

w. eq, 
3.32 

0.012 

Bed grape juice 

Bed grape juice 

111 

-3.29 

1.13 

0.010 

Diluted grape 
concentrate 

Diluted white' 
grape concen- 
trate 

110 

0.90 

1 1.24 

0.011 

Wort 

Wort 

87 

0.87 ' 

' 0.80 

0.009 

Terelose 

Liebig 's beef 
extract 

103 

2..34 

1 

1.63 

0.015 

Ceredoee 

Peptone 

107 

0.28 1 

0.77 

j 0.007 

Cc*rclose 

Urea 

80 

0.81 

0.36 

1 0.004 

Cerelose 

Asparagine 

82 

0.71 1 

0.75 

0.009 

CVrelose 

1- Aspartic acid 

80 

-0.14 ' 

0.62 

0.007 

Cerelose 

p'Alanine 

11 

3.28 

0.28 

0.025 

Cerelose 

dl-Alaniue 

75 

1.64 

0.66 

0.008 

Cerelose 

dl -Leucine 

84 

3.50 

0.65 

0.007 

Cerelose 

Glycine 

71 

1.66 

0.59 

0.008 

Cerelose 

(NHOaSO, 

(NIL)«SO, 

50 

1.00 

0.60 

0.012 

Dextrose 

50 

0.18 

0.56 

0.011 

Levulose 

52 

1.49 

0.61 

0.031 

d-Ga lactose 


27 

1.40 

1.00 

0.037 

Maltose 

(NH,),SO, 

38 

1.10 

0.71 

0.018 

Sucrose 

(Nn,),SO, 

48 

0.17 

0.50 

0.030 


* Milli-mols per 100 ml. 
t Milli-equivalents per 300 ml. 


oue series the carbon source was always 200 of cerelose (about 112 
milli-mols dextrose) and the nitrogen source was varied so that the total 
amount of nitroj?en added was always the same. In another series the 
nitrof^en source was always three g'rams of ammonium sulphate per liter 
and the carbon source was varied, always usinjj: 200 gm. per liter, of the 
respective sugar. The s^gar was determined in the initial and final media 
and was expressed, in ail instances, as dextrose. Expressed in this manner, 
the initial sugar contents of this series of media were; dextrose 98, levulose 
104, d-galactose 83, maltose 80, sucrose (inverted by acid hydrolysis) 117 
milli-mols per 100 ml. 

In table V the sugar utilized, total fixed acid, and lactic acid formed 
in the respective media are presented. A study of these data indicates 
that the amount of lactic acid formed by a given strain of yeast varies with 
the carbon source and with the nitrogen source. '-For a given medium there 
was also considerable variation in the amounts of lactic acid formed by the 
different organisms. The largest amounts of lactic acid per mol of sugar 
utilized were formed by all the organisms in the Liebig's beef medium, in 
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(3-alanine, and by j^east 2368 in d-j?alaetose. In the j?rape media the quan- 
tities of lactic acid formed were also fairly high. 

In some of the fermentation, the ‘‘total fixed acid formed^’ was less than 
the lactic S,cid formed. This was probably due to utilization of some of the 
fixed acids. 

Effect op oxygen supply upon lactic acid formation 

Two series of the basic artificial media were fermented by the seven 
strains of yeast, using mercury fermentation bungs on one lot, and cotton 
plugs on another. These were fermented for two months with the results 
shown in table VI, The initial dextrose content of this medium was 110 

TABLE VI 

KFFhCT OF OX\OI<N SrCPLY FPON LACTIC ACID FORMATION 


1 

Oxygen 

Ye\st 

1 

Sugar 

) 

L \CTIC 
ACID 

Ratio : 

EqI’ I VALENT LACTIC ACID 

SUPPLY 

1 

I 

\ TILIZED* 

formed! 

Mols sx^gar utilized 



m. mols 

m. eq. 


Cotton plug ! 

Hurgundy 

87 

1.06 

0.012 

ITg bung 

Burgundx 

85 

' 0.95 

' 0.011 

Cotton plug 

Froi Brothers ^ 

89 

0.91 

1 0.012 

ITg bung 

Frei Brothers’ 

90 

1 0.90 

1 0.010 

Cotton plug 

Tokay 

91 

1 1.12 

0.012 

Hg bung 
(yottoii plug 

Tokay 

89 

0.85 

0.009 

2338 

93 

0.71 

0.007 

Hg bung 

2338 

94 

0.76 

0.008 

Cotton plug 

66 

87 

0.82 

0.009 

Hg bung 

66 

87 

0.81 

0.009 

Cotton plug 

(’hanipagne 

65 

0.44 

0.007 

Hg bung 

Champagne 

78 I 

0.80 

O.OjO 

C^otton plug 

2368 

50 

0.56 

0.011 

Hg bung 

2368 

60 

1 

0.60 

0.010 


* Milli-mols per 100 uil. 
f Mini 0 (iiiivnloiit 8 per 100 ml. 


miJli-mols per 100 ml. It may be noted that sugar utilization was incom- 
plete in all of these fermentations. In general, the quantities of lactic acid 
formed by these seven yeasts varied so little under these two types of con- 
ditions, particularly in relation to the sugar utilized, that it may be con- 
cluded that formation of this acid is unaffected by the oxygen supply within 
these limits. Comparison of these data with those given in table IV for the 
final samples, indicates that a more liberal supply of oxj^gen might favor 
lactic acid production. The periodic withdrawal of samples from the 
fermentations shown in table IV brought about greater aeration than was 
possible in a fermentation which was simply cotton-stoppered and left 
undisturbed throughout its entire course. 
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The quantities of lactic acid found in this investifj:ation are in close 
agreement with those reported by Durmishidze (5) but they are about two 
to four times as great as those reported by Esau (7) for yeast 66, during 
a ten-day fermentation period. Esau^s media contained 0.5 gm. of peptone 
and only 10 gm. dextrose per 100 ml. The amounts of lactic acid formed 
by yeast 66 in Esau^s experiments did not differ greatly in media buffered 
at pH 4.0, 6.0, and 8.0. 

Of the seven yeasts studied here, Champagne yeast was the one which 
generally produced the least lactic a^dd, both in absolute amount and with 
respect to the sugar utilized. 

Summary 

1. The formation of lactic acid in the fermentation of natural and arti- 
ficial media was investigated under various conditions. 

2. During the course of fermentation of grape and artificial media, lac- 
tic acid accumulated at a relatively constant rate throughout the period of 
sugar utilization, indicating a close relationship between lactic acid forma- 
tion and sugar utilizatioji. The behavior of all seven organisms was very 
similar in these fermentations. 

3. With a variety of carbon sources and nitrogen sources, the quantities 
of lactic acid formed were found to depend upon the composition of the 
media and upon the strain of yeast used. 

4. No appreciable difference in lactic acid production was obseiwed 
between fermentations with cotton stoppers and those with mercury bungs. 

5. In general, these results confirm the earlier observations that lactic 
acid is an important by-product of alcoholic fermentation by pure yeast. 

Fruit Products Division 

University of California 
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PRESSURE--COMPOSITION RELATIONSHIPS OF THE GAS IN THE 
MARINE BROWN ALGA, NEREOCYSTIS LUETKEANA 

George B. Bigg and Lyi. i* A. Swain 
(with five figures) 

Introduction 

Analysis of the ^as contained in the cavities of plants has attracted the 
attention of many investij?ators. Such analyses have usually been in rela- 
tion to photosynthetic and respiratory exchanges, and therefore have con- 
sidered only oxygen and carbon dioxide, residual gas being termed ‘‘ nitro- 
gen/' The presence of 1 to 12 per cent, of carbon monoxide was reported 
in the marine brown alga Nereocystis Inetkeana by Langdon (5) and con- 
firmed by Langdon and Gailey (6). This seems to be the first and only 
recorded instance of carbon monoxide being produced by a plant, which 
therefore mei'its further study, to which this paper is a contribution. 

It is of interest to note that the presence of carbon monoxide was claimed 
in the blood of mammals, including man, in 1898 by Saint-Martin ( 20 ) 
and by Desgrkz and Niclox^x ( 1 ), and in a series of iiapers hy Nicloux ( 11 , 
12 , 13 , 14 , 16 ) Avho considered the carbon monoxide to be a normal product 
of metabolism. Several investigators have reiiorted its presence in small 
quantities in human blood, including McIntosh ( 10 ), Ratiiery et ah ( 16 , 
17 ), Gettler and Mattioe ( 4 ), Loeper rf al. ( 7 , 8 , 9 ), Roffo ( 19 ) and 
Schmidt ( 21 ). 

Nereocystis Ineikeana has been described by Langdon but its main char- 
actei'istics may be recapitulated. It is an annual found only in the sub- 
littoral zone along the west coast of North America. The plant consists of 
a branc'hed holdfast adhering to the rocks, a long, slender stipe extending 
from the holdfast to the water surface, and long, ribbon-like fronds attached 
to the free end of the stipe. The cylindrical stipe is the iiortion of particu- 
lar interest. Its growth is very rapid (Sheldon) which results in the attain- 
ment of an extreme length of 20 to 25 meters in a single season. Its circum- 
ference gradually increases with distance from the holdfast, the stipe ter- 
minating in a bulb-shaped end 5 to 10 cm. in diameter. With this increase 
in circumference a longitudinal cavity develops in the center, leaving a sur- 
rounding wall 0.5 to 1.5 cm. in thickness. This hollow portion, or pneuma- 
tocyst, is buoyed up by the gas within it. The pressure and composition of 
this gas are the subject of the present study. 

Frye (3) found in the examination of a thousand specimens that the 
average pressure of the gas in the piieumatocyst was 77 mm. of mercury less 
than atmospheric pressure, the pressure ranging from 316 mm. less to 124 
mm. greater. He showed that the px’essure in a sixecimen was highest at 3-4 
p.M. and lowest at 7 a.m., averaging 16 mm. difference. 
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Analysis of the gfas in the oavity was first undertaken by Zeller and 
Neikirk ( 23 ), who reported the presence of oxy|?eii, carbon dioxide and 
nitrogen. Their work was not confirmed by Langdon who analyzed the gas 
from a thousand specimens and found that it contained 1 to 12 per cent, 
carbon monoxide with an average of 4 per cent., and 15 to 24 per cent, oxy- 
gen with an average of 18 per cent., and occasional traces of carbon dioxide. 
He found no indication of hydrogen, methane, or ethylene. The presence 
of carbon monoxide was demonstrated by spectroscopic examination of 
blood exposed to the gas and by examination of the external and internal 
appearance of a guinea pig, a chicken, and a (*anar3% all killed by inhaling 
the gas. In an experiment to investigate i)ossible changes in the gas com- 
position with the time of day, he collected 4 to 6 specimens at the end of 
each 4-hour interval, approximately, for a 24-hour period and analyzed their 
gaseous contents. The specimens of each group, however, showed so much 
difference among themselves that their average values were of no use in 
discovering any trend. 

Langdon and Gailey concluded that the carbon monoxide was present 
as a result of the respiration of the plant. They found that it was produced 
in the absence of light ; that if the gas in the cavity was replaced with air, 
carbon monoxide was redeveloped within a few days ; and that if the cavity 
was filled with pure nitrogen or hydrogen, no carbon monoxide was pro- 
duced. Further, a killed plant produced no carbon monoxide and autolysis 
of plant tissue produced only carbon dioxide and hydrogen. 

Rigg and Henry ( 18 ) found the inner surface of the piieumatoeyst wall 
to be sterile, dispelling the possibility that the carbon monoxide might be of 
bacterial or fungal origin. 

The work on Nereocystis reviewed above was done at the 0(*eauographic 
Laboratories (formerly the Biological Station) of the University of Wash- 
ington at Friday Harbor, San Juan Island. The present investigation was 
carried out in the summers of 1937 and 1938 at the same location. It was 
planned to repeat some of the earlier work on Nereoc^^'stis, with the thought 
in mind that the changes in gas pressure shown by Frye might be a reflec- 
tion of changes in gas composition. As mentioned above, analyses of the gas 
from a small group of specimens collected at successive time intervals failed 
to test this hypothesis. The following experiments attempt to follow changes 
in gas composition by the analyses of a series of small samples taken from a 
given specimen at successive intervals of time. 

Experimental 

f 

The apparatus used to follow the pressure variations was a modification 
of that described by Frye. The essential part, of all-glass construction, 
shown in figure 1, was mounted on a board. The board in turn was mounted 
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Oil H sturdy raft 8 ft. by 10 ft. so that the apparatus could be moved ver- 
tically oil slides, and clamjicd where desired, ri{?id witli respect to the raft. 
Directly below the tip A (%. 1 ), a specimen could be fastened firmly to the 
raft with the pneumatocyst in a horizontal position at the water level, where 
wave action kept it continually wet. Before a specimen was clamped in 
])osition it w’^as loosened from the bottom to prevent entanglement of the 
stipe and anchor chain. Frequently the stipe broke when a plant was pulled 
up, but only those were used in which the break was close to the holdfast 
far below the beginning of the cavity so that there was no leakage in or out. 
As Avas shown by Miss Pallis (2), Nereocystis is not affected by loosening 
the holdfast or breaking the stipe as long as the plant remains immersed in 
sea water. It was felt that this arrangement, when the raft was anchored 
in the harbor, retained the natural habitat of the plant. 



Fig. 1. Mercury manometer. 
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With the specimen in place, the manometer was lowered, causing the 
perforated tip A to penetrate the wall of the cavity and the vaselined collar 
B of rubber pressure tubing, about 2 cm. from the tip, to form a seal which 
remained airtight for several days. The difference between atmospheric 
pressure and the pressure in the pneumatocyst was thereby immediately and 
continuously registered and was observed at frequent intervals. The tem- 
perature of the bathing sea water was noted at the same time. The atmos- 
pheric pressure at the time of observation was taken from a recording ane- 
roid barometer, checked weekly with a calibrated cistern barometer. The 
absolute internal pressure in mm. of mercury was thus readily determined. 

Successive samples of ga^ were satisfactorily withdrawn from a given 
specimen by the use of a 25-ml. hypodermic sj’ringe lubricated with Liibri- 
seal. The needle, filled with distilled water to prevent air-contamination of 
the sample, was inserted into the plant cavity through a thick layer of vase- 
line stiffened with 10 per cent, beeswax. A Avater drop was expelled within 
the cavity to clear the clogged needle tip, and then a 15-ml. gas sample was 
withdrawn. On removal of the instrument from the tissue, care was taken 
to seal the needle tip and the wound through the cavity wall by a slight 
lateral motion of the needle in the vaseline-beeswax mixture, temporarily 
softened by means of a hot glass rod. As a further precaution against con- 
tamination of the sample from the air, immediately after sealing the needle 
tip the pressure on the sample was increased to slightly greater than atmos- 
pheric. The gas sample was then transferred to an analytical apparatus, 
designed by Goodman and Swain (unpublished), by release under mercury. 

Vaseline does not stick to the surface of the plant because of its slimy 
secretion of algin. It was found that heating the surface with an alcoliol 
lamp caused it to remain dry and enabled the vaseline to adhere readily. 
Examination of the heated tissue after several days showed that the green 
discoloration (due to destrui'tion of the brown pigment fucoxaiithin, leav ing 
the chlorophyll apparent) extended inward about 2 to 3 mm. ; the remaining 
centimeter of tissue was brown and firm and appeared unharmed. 

Similar observations on gas pressure and composition were made in the 
laboratory on specimens placed in a large tank of circulating sea water 
under controlled light intensities. 


Results 

The internal pressure was found to be less than atmospheric in the 52 
specimens examined in the two summers, varying from 511 mm. to 713 mm. 
of mercury absolute pressure with an average of 604 mm., all uiicorrected 
for temperature, which ranged from 10® to 14® V. The pressures found by 
Frye lie within the limits of 444 mm. and 884 mm. absolute pressure with 
an average of 699 mm., on the assumption of an atmospheric pressure con- 
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stant at 760 mm. His values exhibit a similar but wider range than do those 
reported here, as might be expected from the smaller sampling used in the 
present study. They differ in that pressures exceeding atmospheric were 
recorded. Again confirming Fryers observations, the pressure in any one 
specimen was found to be lowest in the morning, increasing during the day 
to a maximum value in the afternoon, and decreasing during the night. 
Figure 2 shows several typical curves obtained by plotting the absolute in- 
ternal pressure, calculated to constant temperature, against time. Frye 
suggested that this pressure variation might be caused by temperature fluc- 
tuations of the sea water. While it is true that the water is somewhat 
warmer during the day than at night, this merely accentuates slightly the 
l)ressure change, which figure 2 clearly shows, is a characteristic of the plant 
itself. 



Fig. 2 . Daily changes in internal pressure in Nereocystis. Vertical lines represent 
successive midnights. 

Tiie nightly decrease in gas jiressure suggested an experiment to deter- 
mine the effect of continuous darkness. In specimens placed in the labora- 
tory tank of sea water in a dark room for several days, the pressure de- 
creased throughout the time of the ex])eriment. Typical results are shown 
in A and C of figure 3. 

Since the pressure in the plant is different from that of the atmosphere, 
it follows that the pneumatocyst tissue is comparatively impervious to air. 
This was demonstrated in the laboratory by evacuating the bulb-shaped 
end cut from a pneumatocyst. A vacuum could be held as long as 24 hours 
before softening of the tissue at the cut surface caused leakage. When 
carbon dioxide was introduced into a fresh, evacuated bulb the pressure de- 
creased rapidly as shown in B of figure 3, indicating the removal of the gas 
from the interior of the plant. Langdon and Gailey noted a similar reduc- 
tion in pressure when hydrogen was introduced. 

Analysis of samples of gas taken from a specimen immediately after 
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inserting the manometer sliowed a range of 17.8 to 24.6 per cent, oxygen, 
0.8 to 7.6 per cent, carbon monoxide and 0 to 0.3 per cent, carbon dioxide 
(4 of 7 specimens so examined contained no carbon dioxide). These results 
confirm Lanodon's data except for the increas(»d frequency of small amounts 
of carbon dioxide. In table 1 are given the results of the analysis of samples 
of gas removed over a period of time from three specimens exposed to differ- 
ent light conditions. It is readily seen that in specimen A, kept on the raft, 



in Nereocystis bulb containing only carbon dioxide. 

the oxygen concentration increased during the day and decreased during 
the night, while the carbon dioxide behaved in the reverse direction. In 
specimen C, kept in the salt water tank in the dark room, the concentration 
of oxygen steadily decreased and that of carbon dioxide increased. Under 
a constant illumination of 300 foot-eandles, obtained by two 200- watt electric 
lights in the dark room, specimen B behaved as though it were in total 
darkness. 

These results are also presented in figure 4, accompanied by the pressure 
curve of each specimen. The vertical lines in the j)ressure curve represent 
the decrease in pressure r^esulting from the removal of a sample of gas. In 
one case in specimen A it represents an increase in pressure due to leakage 
of air into the plant when the sample was taken. Each gas curve indicates 
the change in (luantity of that gas in the plant from immediately after a 
sample was removed until the next was taken, expressed in milliliters. For 
example, when the first sample was taken from A, the gas contained 20.62 
per cent oxygen, the pressure after removal of the sample was 634 mm. 
mercury, and the temperature was 11.6° C., from which it is found that the 
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specimen at that time contained 151.1 ml. of oxyj^en at standard conditions. 
When the second sample of gas was taken, the pressure was 639 mm., the 
temperature was 11.2^ C., and the gas contained 21.22 per cent, oxygen, 
which Represents 157.0 ml. oxygen at standard conditions. The oxygen 
curve shows this increase in content of 5.9 ml. In both specimens A and C 
the volume of the third sample removed was estimated, and the volume of 
entering air was calculated, to determine the changes in quantity of the sev- 

TABLE I 

Changes in gas composition in nereocystis at sever \Tj light intensities 


Specimen 


A 

Daylight. 

Tntorual vohnnc - 930 nil. 


futf 


300 ft.-candlos. 

I nal volume = 1080 ml. 


C 

Darkness. 

Intel nal \ oluine - 0 1 0 ml. 


Date in 
Aug. 1938 

Time 

COo 

0. 

CO 



% 

% 

% 

8 

9: 30 

0.59* 

20.62 

1.35 


16 

0.35 

21.22 

1.4.5 

9 

7 

0.54 

19.76 

1.00 


17 

0.04 

20.83 

1.33 

10 

8 

0.72 

19.78 

1.39 


10: 3(1 

0.21 

20.58 

1.30 

0 

19 

0.00 

22.70 

0.00 

7 

8 

0.58 

20.34 

0.34 


17: .30 

1.11 

19.00 

o.n 

1 ® 

8 

1.02 

17.49 

0.33 


19 

1.2.3 

16.29 

0.39 

9 

10: .10 

1.27 

15.06 

0.36 

1 

16: 30 

0.00 

17.84 

1.74 


, 23 

0.68 

16.76 

1.42 

2 

' 7 

1.16 

14.69 

1.89 


16: 30 

1.44 

12.73 

1.78 

o 

9 

1.71 

9.69 

2.02 


Sanqile removed 14 horns after the pressure manometer was inserted in the specimen. 


eral gases. In C the volume of entering air equalled the volume of the 
sample removed. 

The pressure curve of A shows an increase during the day and a decrease 
during the night, agreeing with the results shown in figure 2. The quantity 
of carbon dioxide increases during the night and decreases during the day, 
but not in sufficient amount to compensate for the opposite change in oxy- 
gen content. In B and C, in weak light and darkness, respectively, the 
pressure decreases continuously as does the oxygen content. The carbon 
dioxide content increases, but at a much slower rate than the oxygen 
decreases. 

In all specimens, the quantity of carbon monoxide remained the same, 
within experimental error. 
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B. 300 ft.-candles; C. Darkness. 

Discussion 

The foregoing results suggest the following hypothesis : The changes in 
internal pressure are a reflection of changes in the composition of the gas 
within the plant. Of the gases present, carbon dioxide occurs infrequently 
and then in very small amounts, the carbon monoxide content seems to 
remain constant (as shown in fig. 4), and nitrogen is not affected by respira- 
tion or photosynthesis. The changes in pressure therefore reflect changes 
in the amount of oxygen. The removal of oxygen from the specimens in 
darkness or weak light by respiration, possibly accentuated by injury, 
parallels the observed decrease in pressure. This decrease in oxygen content 
in Nereocystis in darkness corroborates Langdon and Gailey who showed 
that the oxygen content of uninjured plants kept several days in light-proof 
boxes in the harbor was far below the average value. Under normal condi- 
tions the decrease in oxygen content at night, caused by respiration, is 
accompanied by a decrease in pressure, and the increase in the amount of 
oxygen during daylight hours, caused by photosynthesis, is accompanied by 
an increase in pressure. Apparently the oxygen is used up in respiration 
and no corresponding volume of free gas is produced in the pneumatocyst. 
This might be due to the use of some compound of low oxygen content as 
respiratory material or to the absorption of the produced gas by the tissue 
of the pneumatocyst wall. ^ 

The development of carbon dioxide in all specimens under extended 
observation is possibly caused by injury to the plant by the clamps, the tip 
of the manometer, the needle of the syringe, or the heating necessary to 
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make the vaseline adhere. Langdon and Gailey showed, however, that it 
developed in their lipjht-proof boxes. It is possible that excessive amounts 
of carbon dioxide cannot be readily removed from the gas space by the plant. 
In any event its frequent absence in the normal plant makes inseparable 
the changes in gas pressure and the oxygen content. 

The rapid growth of Nereocystis, considered in relation to the imper- 
meability of the tissue to air, suggests that the observed pressure is below 
atmospheric because air cannot enter the pneumatocyst cavity sufficiently 
rapidly to maintain atmospheric pressure. An observation giving support 
to this idea was made on Macrocystis pyrifera, growing in Neah Bay, Wash- 
ington. This is a large brown alga closely related to Nereocystis. It con- 
sists of a holdfast and several long, cord-like stipes, to which are attached 
large broadly lanceolate fronds. At the base of each frond is a hollow 
cyst, corresponding to the pneumatocyst of Nereocy stis. Growth occurs at 
the free end of the stipe, where new fronds and cysts develop. 

Pressure in each cavity on several stipes was determined using an appa- 
ratus similar to that shown in figure 1, but constructed on a much smaller 
scale of fine bore capillary glass tubing. The results are shown in figure 5, 



in which the pressure in each cavity, commencing at the free end, is desig- 
nated by a point. Omission of a point indicates a broken cyst. It is evident 
that the region of rapid growth is characterized by pressures lower than 
atmospheric, whereas the pressures in the older, more mature region exceed 
atmospheric. All the specimens of Nereocystis observed in this study were 
vigorously growing plants. 

Summary 

1. The composition and pressure of the gas in the pneumatocyst of the 
marine brown alga, Nereocystis Ivefkeana, have been studied on single speci- 
mens for several days. 
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2. The daily change in pressure, from a maximum in the afternoon to a 
minimum in the morning, is confirmed. 

3. The presence of oxygen and carbon monoxide and frequent absence 
of carbon dioxide (in normal specimens) are confirmed. 

4. In plants in the sea the oxygen content increased during the day and 
decreased at night, corresponding with the pressure change, 

5. In plants maintained in darkness, there was a continuous decrease in 
pressure and in oxygen content and a development of carbon dioxide. 

6. The hypothesis is advanced that the change in pressure of the gas is 
caused by the change in its oxygen content. 

7. From a brief study of the pressure in the cysts of Macrocystis 
pyrifera, the suggestion is made that the reduced pressures observed in both 
it and Nereocystis are the result of their rapid growth. 

Acknowledgment is made of the generous provision by Dr. T. G. Thomp- 
son, Director of the Laboratories, of the equipment used in this research. 
The University or Washington, 

Seattle, Washington 
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X-RAY EFFECTS ON THE GROWTH AND REPRODUCTION 

OF WHEAT 

D . J . Wort 
(with four fiottres) 

Introduction 

Evidences of modification and injury to plant parts are numerous in 
the extensive literature on the effects of x-ray treatment of plants. John- 
son (2) lists the effects produced on seventy species of flowering plants. 
Her work with wheat (3) shows that growing material is more strongly 
affected than non-growing by equal doses of radiation given in the same 
way. Seedlings from soaked grains given treatments of 1000 r-units and 
5000 r-units made less growth in all respects than did controls, but showed 
increased tillering. No flowering data were included. 

Shtti^l and Mitchell ( 4 ) obtained deleterious effects when unfiltered 
radiations were used but the use of metallic screens, high voltage, low 
amperage, and brief exposures giving approximately 100 r-units, resulted 
in stimulative action on wheat, corn, oats, and sunflower seedlings. Twenty- 
four-hour-old wheat seedlings were irradiated with doses of x-rays varying 
from 565 to 13,560 r-units by Francis (1). Retardation of fresh weight 
and dry weight production by the growing parts of the seedlings and retar- 
dation of linear growth of the coleoptile, the leaf, the primary root, and the 
lateral roots was obtained with all doses and time intervals employed. 
Respiration was likewise depressed with the exception of those seedlings 
which had received the smallest dose of radiation (565 r-units) and which 
were tested 5 or 6 hours after irradiation. 

The procedure of Shull and Mitchell was closely followed in an 
attempt to obtain further data on the stimulative effects of filtered x-radia- 
tion on growth, height, tillering, heading and flowering, green and dry 
weights, and moisture content of Marquis spring wheat. An attempt to 
determine the influence of age of seed on response to irradiation was made 
by the use of two samples of seed; one 57 months old (4 years, 9 months), 
the other 9 months old. A preliminary trial was made with Fulhio winter 
wheat. 

Methods 

Two different samples of Marquis spring wheat seed were used, one 57 
months old, the other 9 months old. One lot of older seeds was irradiated 
on March 14 (experiment 1) and a second lot on March 26 (experiment 2). 
The lot of seed 9 months old was x-rayed on April 3, 1940. Although treated 
on the same day the two groups (experiments 3 and 4) were irradiated 
separately. Fulhio winter wheat was x-rayed and planted on April 16, 1940. 
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An amount of water equal to 60 per cent, of the air-dry weight of the 
seed was added to the wheat in Petri dishes and the seed was allowed to 
germinate for 24 hours at 21*^ C. At the end of this period the radicles 
were about 3 mm. long. In selecting grains for irradiation, care was taken 
to choose those with radicles of uniform length. 

Thirty-five seedlings were placed in a Petri dish for irradiation. Seven 
such groups were x-rayed at a distance of 30 cm. from the target, using a 
1-mm. aluminum screen. The x-ray tube ’was a standard, air-cooled Coolidge 
Victor tube and was maintained at a potential of 100 pk. kilovolts and a 
current of 5 milliamperes. At this setting the output of the machine was 
approximately 38 roentgens lier minute. The seven exposures were for 0.5, 
1.0, 1.5, 2.0, 3.0, 4.0, and 6.0 minutes which gave doses of 19, 38, 57, 76, 114, 
152 and 228 r-units respectively. One group was not irradiated and served 
as control. 

Seven seeds of the irradiated or control grain were planted in each of 
five 4i-ineh pots filled with well mixed garden loam. All plants were given 
a 16-hour photoperiod, natural daylight being supplemented by 200-watt 
mazda lamps suspended 24 inches above the tops of the pots. The pots were 
placed in different positions once a week to obtain identical illumination 
as far as possible. Measurement of height, from the ground level to the tip 
of the longest leaf on the leading tiller, was made 14, 21, and 28 days after 
planting. Six weeks after planting 18 plants were cut at the ground level 
and green weights, dry weights, and moisture content of the tops determined. 
Observations regarding heading and flowering were made on the remaining 
17 plants. The wheat was assumed to have headed when the head was com- 
pletely out of the sheath and to have flowered when the anthers were first 
extruded. At the end of the 56 days these remaining plants were cut at 
the soil level and green and dry weights determined. 

The Fulhio winter wheat was measured at the age of 14 and 28 days. 
All of the winter wheat plants were harvested when 28 days old and green 
and dry weights determined. Only the data for the control plants and 
those receiving 114 r-units were recorded. 

Results and discussion 

Growth, height, and tillering 

The effect of irradiation on the growth and height of plants produced 
by seeds 57 months old is given in table I. It appears that all of the treat- 
ments, 19-228 r-units, resulted in a stimulated growth rate and greater 
height. While doses of 76-228 r-units resulted in increments in growth 
and height which were nearly equal, the greatest increase in height (12.8 
per cent.) attained at the age of 28 days, was produced by a treatment of 
114 r-units. The increased growth in all cases was evidenced by greater 
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TABLE I 


Heioiits of x-eadiated Marquis wheat plants from 57-month-old seeds. Results 

ARE averages FROM 35 PLANTS 


Experi- 

ment 

Age - 



X-RAY DOSE IN E-UNITS 




0 

' 19 

oc 

cc 

57 

76 

114 

152 

228 


days 

tn . 

1 m. 

in . 

in . 

in . 

in . 

in . 

in . 

1 

14 

6.71 

6.80 

7.27 

7.14 

7.35 

6.65 

6.64 

7.02 


21 

9.96 

I 9.97 

10.36 

10.40 

10.91 

10.36 

9.97 

9.37 


28 

10.62 

10.71 

11.30 

11.30 

11.80 

1 

11.50 

11.87 

10.88 

2 

14 

5.14 

6.79 

5.68 

6.44 

5.82 

7.72 

7.39 

7.56 


21 

8.86 

9.65 

, 8.83 

9.83 

9.71 

10.79 

10.17 

11.38 


28 

10.14 

10.89 

' 9.74 

1 

11.21 1 

1 11.41 

11.93 

11.06 

12.49 

Average ' 

I 

5.92 

6.80 

6.47 

6.94 

6.58 

7.18 

7.01 

7.29 

of 

21 

9.41 

9.81 

0.59 

10.11 i 

1 10.31 

10.57 

10.07 

10.37 

] and 2 

28 

10.38 

10.80 

10.52 

11.25 

11.60 

1 

11.71 

11.46 

11.68 


height, larger stem diameter, and larger leaf area. Only height was meas- 
ured, however. No difference in color was evident and irradiation had no 
effect on tillering. 

Table II presents the res])onse of plants grovm from seeds 9 months old. 


TABLE II 

Heights of x radkted Marquis wheat plvnts from 9 month old skfds. Rksilts 
ARE AVERVGES FROM 35 PLANTS 


Kxperi- 

^rrNT 

Age 



X-RAY DOSE IN R-TTNITS 



0 

19 

38 

57 

76 

114 

152 

228 


days 

in. 

in. 

in. 

1 

in. \ 

1 m . 

in. 

in. 

in. 

3 

14 

9.58 

10.82 

11.64 

11.70 

1 11.24 

11.30 

, 10.94 

10.72 


21 

11.86 

13.34 

13.51 

14.12 

13.53 

13.20 

12.77 

13.76 


28 

12,95 

13.30 

15.10 

15.61 

14.84 

14.78 

14.05 

14.09 

4 I 


10.36 

11.06 

11.47 

11.46 

1 11.23 

11.48 

11.24 

11.44 

1 

i 

' 21 

13.98 

14.50 

14.65 

14.99 

15.48 

15.51 

15.19 ; 

' 14.75 

1 


1 14.22 

15.76 

15.99 

16.47 

16.79 

17.06 

16.43 1 

1 15.63 

Average I 

1 14 

9.87 1 

10.94 

11.56 

11.58 i 

1 11.24 1 

1 11.39 

11.09 i 

11.08 

of , 

, 21 

12.92 i 

13.92 

14.08 

14.56 1 

1 14.56 

14.36 

13.98 

14.26 

3 and 4 

28 

13.59 ! 

14.56 

15.55 

16.04 

15.82 

15.92 

15.24 

I 

14.86 


As in the former case all treatments resulted in stimulated growth and 
height. The height curves, shown in figure 1, reveal that the greatest height 
was obtained in those plants which had received 57, 76, and 114 r-units. 
The greatest increment in height (18.0 per cent.) was found in plants which 
had received 57 r-units of x-radiation when 24 hours old. Tillering was 
stimulated by treatments of 38-114 r-units ; the largest average number of 
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Pig. 1. Heights of Marquis wheat plants when 14, 21, and 28 days old grown from 
seed 9 months old. The 24-hour-old seedlings were 3C-radiated with r-unit doses as indi- 
cated. Each height is the average for 35 plants (experiments 3 and 4). 

culms per plant (1.3) was found on plants irradiated with 76 r-uiiits. Only 
one head, however, was formed per plant. A decidedly lighter color was 
observed in all irradiated plants, but the difference was not particularly 
evident when the plants were 66 days old. As in the experiments with the 
older seed the stimulus to growth was shown by greater height, stem diam- 
eter, and leaf area. 

Wet and dry weights; moisture content 

Irradiation of the seedlings from the older seeds resulted generally in 
increased wet and dry weight ; the one excepfion was an irradiation of 228 
r-units which resulted in plants having wet and dry weights equal to those 
of the controls determined '56 days after planting. Table III gives the 
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TABLE III 


Wet and dby weights and moisture content op x-eadiated Marquis wheat plants 
PROM 67-month-old seeds. BeSULTS for plants 42 DATS OLD ARE THE AVERAGES 
PROM 18 PLANTS ; FOR 56-DAY-OLD PLANTS THE AVERAGES ARE PROM 17 PLANTS 


Experi* 

Age 

IN 

Test 

X-RAY DOSE IN R UNITS 

MENT 









DAYS 


0 

19 

38 

57 

76 

134 

152 

228 

1 

42 

Wot 

weight* 

Dry 

weight* 

0.44 

0.44 

0.71 

0.69 

0.65 

0.65 

0.51 

0.45 

i 


0.09 

0.09 

0.13 

0.12 

0.14 

0.11 

0.10 

0.11 

j 


Moisture t 

80.2 

80,6 

82.0 

82.9 

78.6 

82.6 

80.8 

75.5 


56 

Wet 











weight 

I 0.50 

0.50 

0.71 

0.77 ' 

“ 0.77 

0.61 

0.61 

0.40 



Dry 

1 










weight 

0.15 

0.35 

0.21 

0.21 ' 

' 0.24 

0.17 

0.19 

0.15 

2 

42 

Wet 




1 

1 






weight 

0,54 

0.69 

0.65 

0.57 

0.72 

0.56 

0.64 

0.64 



Dry 











weight 

0.10 

0.13 

0.12 

0.13 

0.14 

0.13 

0.13 

0.13 



Moisture 

82.1 

78.7 

81.7 

77.7 

80.4 

77.9 

79.3 

79.7 


.56 

Wet I 











weight 

0.69 

0.66 

0.81 1 

0.79 

0.97 

0.69 

0.67 

0.79 



Dry 











\\ eight 

0.21 

0.39 

0.20 

0.24 

1 0.26 

0.22 

0.18 

0.21 

Aver- 

42 

Wot 




I 





age of 


weight 

0,49 i 

0.52 

0.68 

, 0.63 

1 0.69 

0.61 

0.58 

0.55 

3 and 2 


Dry 




1 

1 






weiglit 

0.09 

0.11 

0.12 

0.12 

I 0.14 

0.12 

0.12 

1 0.32 



Moisture 

83.2 

79.7 

83.9 

1 80.3 

' 79.5 

80.3 

80.1 

77.6 


.56 1 

W^et 




1 1 

1 






weight 

Dry 

0.59 

1 

0.58 

0.76 

1 

1 0.78 

0.87 i 

0.65 

0.64 

' 0.59 



weight 

0.18 1 

0.37 j 

0.21 

0.23 : 

0.25 

0.20 

0.19 

0.38 


* Given in grains, 
t Pcrccntagi* of wot weight. 


weight and moisture data of experiments 1 and 2. The greatest average 
wet weight per plant and the greatest dry weight were found in those plants 
which had received 76 r-units. Tliese weights were greater than those of 
control plants by 40.8 per cent, and 55.5 per cent., respectively. The various 
irradiations produced little differences in moisture content of the plants. 
The average weight values for experiments 1 and 2 are shown graphically 
in figure 2. 

The data of table IV indicate that in the case of fresh seed the higher 
radiation doses resulted in decreased wet and dry w'^eights compared with 
control plants. Fifty-seven r-units, however, caused an increase of 67,6 
per cent, in wet weight and 23.5 per cent, in dry weight. Moisture content 
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was not significantly affected by irradiation. The average weight values 
for experiments 3 and 4 are shown graphically in figure 3. 




UNITS 

Fig. 2. Wet and dry weights of plants grown from 57-month-old Marquis spring 
wheat. The 24-hour-old seedlings were given filtered x-ray treatment of the number of 
T-units shown in the figui’e. A. Average weights for 18 plants 42 days old. B. Average 
weights for 17 plants 56 days old. 

, Heading and flowering 

An interesting result with respect to heading and flowering is shown by 
the data of table V. All treatments of the older seed resulted in accelerated 
heading and flow|j:ing, the maximum acceleration being obtained with doses 
of 76 and 114 r-uh^ts. In each case flowering, was accelerated by approxi- 
mately vS days. The seedlings of the fresh grain, however, were adversely 
affected by x-radiation, the controls flowering by as mu(‘h as 6.7 days before 
the treated plants. That this difference in response may be attributed to 
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TABLE IV 

Wet and dry weights and moisti^rk oontent of x-radiatkd Marquis wheat plants 
FROM 9-month-old SEEDS. RESUI/rS FOR PLANTS 42 DAYS OLD ARE THE AVERAGES 
FROM 18 PLANTS; FOR PLANTS 56 DAYS OLD, THE AVERAGES ARE PROM 

17 PLANTS 


Experi- 

Age 

IN 

DAYS 

Test 

X-RAY DOSE IN R-UNITB 

MENT 

0 

19 

38 

57 

76 

114 

152 

228 

3 1 

42 

Wet 



i 







1 

weight* 

0.75 

0.81 

1.28 

1.49 

1.37 

1 1.14 

1.14 

0.94 


1 

Dry 

weight* 

Mois- 

0.16 

0.16 

0.20 

0.31 

0.21 

1 

0.16 

0.19 

0.16 



til ret 

77.6 

80.4 

84.2 

79.4 

84.5 j 

1 85.9 

83.2 

83.3 


1 56 

Wet 





1 





1 

weight 

Dry 

0.91 

0.90 

1.70 

1.69 

1.29 ^ 

1.20 

1.18 1 

1.04 



weight 

0.31 

0.28 

0.42 

0.43 

0.30 

0.25 

0.29 I 

0 25 

4 

42 

Wet 







i 




weight 

1.00 

1.47 

1.33 

1.41 

1.47 

1.57 

1.09 

0.85 

! 


I>ry 

weight 

1 Mois- 

0.20 

0.21 

0.19 

1 

0.21 

0.22 

0.23 

1 

0.16 

0.17 


1 

ture 

79.9 

85.4 

86.0 

84.9 

85.4 

85.1 

84.9 

1 80.0 


56 ! 

Wet 








1 


! 

weight 

Dry 

1.12 

1.25 

1.55 

1.71 

* 1.47 

1 

1.58 

1.25 

1 0.33 

1 



weight 

0.36 

0.31 

0.36 

0.41 

0.34 

0.39 

0.29 

j 0.27 

Aver- 

42 

Wet 









age of 1 


weight 

0.88 

1.14 

1.31 

1.45 

1 1.42 

1.36 

1.12 

1 0.90 

3 and 4 


Dry 

weight 

Mois- 

0.18 

0.19 

0.20 

0.26 

1 

1 0.22 

1 

0.20 

0.18 

1 

0.17 



ture 

78.8 

82.9 

85.1 

82.2 

85 0 

85.5 

84.1 

81.7 


56 

Wet 





1 






weight 

Dry 

1.02 

1.03 

1.63 

1 70 

1.38 

1 

1.39 

1.21 

0.94 



weight 

0.34 

0.30 

0.39 

0.42 

' 0.32 

0.32 

0.29 

0.26 


* Given ill gj ams. 
t Peiecntage of wet weight. 


the age of the seed is suggested by the fact that growth conditions for all the 
experiments were as similar as possible with the exception of the slightly 
greater intensity and duration of daylight in the ease of experiments 3 
and 4. These experiments were started April 3 as compared with March 14 
and March 26 for experiments 1 and 2 respectively. The photoperiod for 
all experiments was maintained at 16 hours, however. 
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R-UNIT$ 

Fig. 3, Wet and dry weights of plants grown from 9-montli-old Marquis spring 
wheat. The 24-hour-old seedlings were given filtered x-ray treatment of the number of 
r-units shown in the figure. A. Average weights of 38 plants 42 days old. B. Average 
weights of 17 plants 56 days old. 





TABLE V 

or DATS FROM PLANTING TO HE4DING AND FLOWERING BT X-RADIATED MARgilS WHEAT PLANTS PROM SEED 57 MONTHS OLD (EXPERI- 
MENTS 1 AND 2 ) ; AND FROM SEED 9 MONTHS OLD (EXPERIMENTS 3 AND 4). BESVLTS ARE THE AVERAGES FROM 17 PLANTS 
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Fulhio winter wheat 

Irradiation of 24-hour old Fulhio winter wheat seedlings by doses of 
from 19 to 228 r-units produced stimulation of growth, compared with that 
of seedlings receiving no treatment. The greatest effects were obtained 
with a dose of 114 r-units and only these results are recorded in table VI. 

TABLE VI 

Height, weight, akd tillee number or control and x irradiated Fulhio winter 
WHEAT at age 28 DAYS RESULTS ARE THE AVERAGES FROM 35 PLANTS 



Average 

Average 

Average 

A\eragk 

Average 


height/ 

height/ 

WET WRIGHT/ 

DRY WEIGHT/ 

number of 


PLANT, AGE 

PLANT, AGE 

PLANT, AGF 

PLANT, age 

TILLERS/ 


34 DAYS 

1 28 DAYS 

28 DA\ S 

28 D VYS 

PLANT 


m. 

tn. 

qm^ 

gm. 


Control 

Irradiated with 

8.08 

13 76 

0.83 

0 12 

1.00 

114 r-units 

10.72 1 

17 47 

1 48 

0.21 

1.14 



FiO. 4. Irradiated and control Fulhio winter wheat photographed when 28 days old. 
Those photographed are representative of 35 plants. A. Control. B. Irradiated when 24 
hours old with a dose of 114 r-units. 
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Figure 4 shows the appearance of the wheat when harvested at the age of 
28 days. 

Summary 

1. Twenty-four-hour-old seedlings of Marquis spring wheat grown from 
seeds 57 months old and 9 months old were irradiated by filtered x-rays of 
19 to 228 r-units. Controls were plants receiving no treatment. 

2. Irrespective of the age of the seed greatest growth rate and height 
were produced by 114 r-unit treatments. 

3. Greatest fresh and dry weights of plants grown from the older seeds 
resulted from the use of 76 r-units ; of fresh seeds, from 57 r-units. 

4. X-radiation of from 76 to 114 r-units accelerated heading and flower- 
ing of plants grown from old seed by as much as 3 days, but retardation of 
heading and flowering occurred when fresh seed was irradiated. 

5. Height and weight of Fiilhio winter wheat seedlings were increased 
considerably by all doses of x-rays used, the maxima occurring when the 
dosage was 114 r-units. 

Department or Botany 

Nutana Collegiate Institute 
Saskatoon, Canada 
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PLANT CULTURE EQUIPMENT 

Feank M. Eaton 
(with potje figures) 

Introduction 

A detailed description is presented in this paper of small sand and water 
culture equipment. A number of larf?e out-of-doors sand cultures both for 
tree and annual crops have also been constructed at the U. S. Regional 
Salinity Laboratory, Riverside, California. In their general features these 
latter cultures are like those described in an earlier publication (3). The 
more significant modifications are discussed. 

The same principle of operation is used in all of the sand culture equip- 
ment. Briefly stated, each sand culture consists of a sand bed and a solu- 
tion reservoir. Nutrient solution is pumped from the reservoir onto the 
surface of the sand at hourly or other selected intervals. The solution 
applied to the surface of the sand displaces to the reservoir a large part of 
the solution remaining in the sand from the previous flushing. Drainage to 
the reservoirs is provided by the use of a permeable aluminum silicate mate- 
i*ial manufactured in the form of bricks for the insulation of furnaces. 
These bricks (or discs) confine root growth to the sand and thus prevent 
the stoppage of drains. Inasmuch as the intervals of application of solution 
to the sand are controlled by time clocks, a minimum of manual attention 
is required. 

Small sand cultures 

The stoneware cultures, figures 1 to 3, were designed for nutritional 
studies in the greenhouses where the effects of a number of treatments are 
compared in replicated cultures. While the equipment shown was intended 
primai'ily for small plants, its usefulness for large plaiits is indicated by the 
tomatoes in figure 2. For use with large plants advantages of larger reser- 
voirs are in<licated, since the frequencj" with which new^ solutions are substi- 
tuted for old ones, or the frequency with w’hich determinations and additions 
of nutrient ions are made, can thereby be reduced. The pottery company 
that has cooperated in the manufacture of the stoneware has advised that 
they can build 35- or 40-liter stouew^are reservoirs with bell-shaped tops that 
w^ould accommodate the present sand trays and other fittings. • 

Chapman and Liebig's idea (1) of using air-lift pumps has been 
adopted in these cultures. These investigators made use of la«rge earthen- 
W’are tile reservoirs set in greenhouse floors. 

The sand cultures shown in figure 3 are mounted on a rotating table to 
produce uniform conditions in an unevenly lighted greenhouse. Com- 
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pressed air is brought into the center of the revolving table through a mer- 
cury sealed connection. The revolving portion of the table top rests on the 
wheel assembly of a heavy truck trailer. The axle of this assembly is set 
in a concrete-filled excavation beneath the greenhoiise floor. 



Fig. 1. Cross section view of sand cuituie (left) and water eultme (right). 

The following paragraphb, numbered to correspond to the designations 
of the parts in figure 1, left, describe the character of the various pieces of 
the sand culture equipment : 

1* Air valve . — This is a J-inch needle vaive of the less expensive type. 
It is used for adjusting the rate of flow of air from the outlet at 4a. The 
valve has male threads at both ends (fig. 2, left). 

2. Hose connector.—ThiH i-ineh acetylene- welder type of connection has 
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riG 3 Sand cultiues mounted on a lotnting table in unevenly lighted gieunhouae. 
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a hexagonal nut which permits ready disconnection of the air line wlien the 
cultures are to be dissembled. 

3. Koroseal tubing, — Tubing of this type^ (suggested by L. A. Richabds) 
stands up under greenhouse light Conditions much better than rubber tub- 
ing. It is heated in a water bath before being set in place. 

4. Air-discharge iubes, — ^Soft aluminum tubing with J-inch outside diam- 
eter. A 1/32-inch hole is bored through one wall at 4a to emit air. The 
lower end is closed by clamping it in a machine vise. 

5. Funnel supports, — These are the two halves of a no. 2 rubber stopper. 

6. Aluminum funnel. — Outside diameter of base, 21 inches. 

7. Solution delivery tube. — Hard thin-walled aluminum tubing 221 
inches long with |-inch outside diameter. V-notches J-inch deep are cut on 
opposite sides of the lower end to provide inlets for the solution. The deliv- 
ery rate of solution by this tubing with an inside diameter of 17 mm. in single 
tests was 2.6 liters per minute compared with a rate of 1.3 liters per minute 
from a tube with 13-mm. inside diameter. Corrosion of this tubing can be 
delayed by dipping it in Bakelite varnish.^ 

8. Olazed stoneware covers, — These are used to suppress growth of algae 
and check surface evaporation. Slips of sheet aluminum or cardboard with 
TJ-shaped notches for the plant stems are laid over the openings in the cover 
after the plants have been thinned to final number. 

9. Glass sleeve and overflow. — Pyrex glass tubing with inside diameter 
of 22 mm. and outside 30 mm., length 17 cm. To seal in place, the glass 
tube is extended through the circular opening in porous disc, 15, and bottom 
of the tray, 10, letting the lower end of the tube rest on the work bench. 
After placing a centimeter depth of coarse sand in the bottom of the 
V-shaped opening around the porous disc, hot G-K compound, 14, is poured 
in with a spoon until the groove is filled. A thin rim of G-K compound is 
then built up on the disc around tube. When this material has hardened, 
the tray is inverted and hot red sealing wax is added to fill up the space 
between the tube and rim of the opening in the bottom of the tray. The 
top of the overflow tube should now be about 1.5 cm. below the lop of the 
tray. 

10. Sand tray. — This piece of stoneware has a volume of about 6.5 liters. 

11. Quartz sand etnd magnetite. — ^Pive kilograms of sand is mixed wdth 
25 grams of powdered magnetite, FeO • Fe20,. Tlie layer of gravel in the 
bottom of the tray diould be wetted before adding the sand. A sand, of 
which 50 per cent* ^retained by a 60-mesh screen after passing a 40-mesh 

1 Supplied by B, Ooodricb Company, size 3/16-jnch inside diameter, with l/S-iuch 
wall tliielmess* 

2 A hard rubber tubing supplied by KirkhiU Eubber Com]>any, Los Angeles, Cali- 
fornia, with 22/32-inch inside diameter and 25/32-inch outside diameter, also appears to 
be satisfactory in preliminary trials and it is somewhat less expensive. 
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screen, has been found to be satisfactory.® In solutions at pH 6, the mag- 
netite has supplied ample iron to all plants tested (1, 2 , 3). 

12. Air Without these glass tubes which extend into the gravel, 

air is locked in the sand when the trays are flushed, thus preventing a free, 
uniform, downward movement of solution. 

13. Quartz gravel. — One kilogram of gravel of a size which passes a 
4-mesh screen and is held on an 8-mesh screen is suitable. The sand does 
not work down into the gravel if the latter is wetted before filling. 

14. Asphalt compound. — This product, which is sold under the trade 
name 6-K sewer-joint compound, has a rather low melting point, but it 
maintains a good union with the glazed walls of the sand tray when it cools.^ 

15. Porous disc. — These are purchased in 61-inch squares 1 inch thick. 
A 30-nim. hole is first bored through the center oji a press drill with a steel 
lube. From 10 to 14 of them are then strung on a 30-min. rod, clamped into 
a lathe, and then turned down to a diameter of 6i inches. The material 
works easily. The permeability of the discs is about 600 ml. per minute 
when the trays are filled with sand and the solution is at the height of the 
overflow. 

16. Red sealing war. — This is used to seal the overflow tubes, 9, into the 
bottoms of the sand trays. Five grams of finely powdered sealing wax 
added to a liter of culture solution has been found to be somewliat toxic to 
tomato plants in water cultures. The small solid piece used in this seal 
has shown no ill effects. 

17. Reservoir. — The jars shovii have a capacity of 14.5 liters. They 
have three outlets, each of wliich takes a no. 2 rubber sto])per. The opening 
at 19 is set 4 inches to the right of those at 20 and 21. 

18. Cap for water gauge. — This is a piece of J-inch aluminum tubing 
with one end closed. Its use prevents the growth of algae in the gauge. 

19. Waier-addiiion opening. — In replenishing solutions, this stopper is 
removed and the point of a self-closing radiator faucet inserted. 

20. Water gauge. — Tins is a 5- or 6-mm. glass tube bent in the shai)e 
sliown and painted black below cap. 

21. Outlet for emptying reservoirs. 

22. Culture solution. — Salts for 18 liters are used in making up 11 liters 
of solution. Two liters of water are then added to the surface of the sand 
and when draining lias stopped, a w^ax mark is made on the water level 
gauge to indicate the initial volume. The five kilograms of sand retain 
between 1.6 and 1.8 liters of solution against gravity. 

This sand is siippJied by the Industrial Sands Division, Corona, California. 

4 Atlas Mineral Products Company, The Demiiig Company, 4227 Whiteside Avenue, 
Los Angeles, California. 
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23. Magnetic air valve.^ 

24. Air pressure line. — Air pressures up to about 50 pounds are satisfac- 
tory. Where a laxge number of cultures are operated from a sinjrle air line, 
the latter pressure beyond the pressure rejnilator is desirable. A discharge 
rate of 0.7 cu. ft. of air per minute per culture gives a satisfactory solution 
delivery rate. 

25. Time switch. — The General Electric TSA-14 time switch can be used 
alone without time-switch 26 if the cultures are flushed each hour throughout 
the 24 hour period. This timer makes a complete cycle every 60 minutes. 
The duration of the ‘‘on” j)eriod can be set for any fraction of the 60-minute 
period. Three minutes are ample for the complete replacement of the solu- 
tion held by the sand, providing air pressures are maintained. 

26. Time switch.^ — This switch is connected in series with switch 25 in 
such a way that the circuit to the magnetic valve is completed only during 
an “on” period of both timers. The “on” and “off” pins on the 24-hour 
dial of the Sangamo timer cannot be inserted nearer together than 15 min- 
utes. This switch is used to limit the flushing of the sand trays to selected 
hours. 

Water cultures 

In using the sand-culture solution reservoii’s as water cultures, the air 
hose leading from each greenhouse bench is disconnected from the non- 
continuous high-pressure air line and attached to a continuous low pi’essure 
outlet. Carbon-tube aerators are employed following a suggestion originat- 
ing with P. R. Stout and D. T, Arnon of the University of California. 

1 and 4. Glazed stoneware cover. — Two sizes of tapered holes are ]>ro- 
vided in this cover for mounting seedlings of various sized plants. The 
cotton mountings for seedlings stay in place better if the holes are not glazed. 

2. Buhher or Koroseal conneciion. 

3. Glass or \-incli aliiminnm tubing. 

5. Aerator . — ^Plain carbon pipe,^ diameter inside J-inch, outside 3‘inch. 
Five pounds of air pressure can be used without blowing the cork stoppex’s 
if they are inserted after having been dipped in hot G-K Compound. 

StoMware 

The stoneware described is manufactured® in accordance with specifi(‘a- 
tions. Plain solid covers to fit trays and reservoirs of this size are available 
at nominal cost. 

^ Made by Magn^Ue Ck^trols. 

8 Sangamo Type (Bold by Graybar Eloctfical Co.). 

7 Supplied by Kati^i^Carbon Company, Inc. 

s By the Pacific CU^|p^j!^uct8, 306 West Avenue 20, Los Angeles, California. Beser 
voirg (U. B. «), $1.00? trays (U. 8. 4), 60 cents; water-culture covers (U. 8. 5) 50 
cents; and sand-tray layers (U. 8. 6), 60 cents. 
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The squares of insulatinjr brick were cut to order (1 inch by 6J inches).® 
There are a mimber of insulating bricks of similar composition and volume 
weight on the market, but the Vitrefrax has been the only one so far tested 
that had a high permeability. 

The other pieces of the equipment are all standard products and the 
prices would accordingly vary with location and purchasing conditions. 

Large out-of-doors sand cultures for annual and tree crops 

The new sand cultures for annual crops grown to maturity, figure 4, have 
dimensions similar to the one previously described (3, fig. 2) except that the 



Fig. 4. Out of -doors sand eiiltuies for amiiial (*roi)8. 


deptli of the reservoir has been increased from 18 to 29 inches, giving a 
capacity of 2.400 liters. Asphalt painted transite in pieces [-inch thick are 
used in place of tin to suppress the growth of algae. The motor pump is 
|)laced in a housing at the end of the bed below the npjier level of the solu- 
tion. Aluminum silicate brick are used for drainage in place of gravel. The 
ends of 39 standard size brick (2 x 4.5x9 inches) are bevelled so that they 
rest on the correspondingly bevelled edges of the concrete cross tile. The 
walls of these unit type beds are 6 inches thick, thus permitting the use of a 
recess rather than angle iron to support the transite. 

« Furnished by the Vitrefrux (Wjioration, 5050 Pacific Blvd., Los Angeles, Cnlifoinia, 
ill lots of 100 at 35 cents each. 
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The 18 deep sand beds for tree crops at the U. S. Regional Salinity 
Laboratory, Riverside, California, have inside dimensions of 5 x 10 x 6 feet 
deep. They are spaced 10 x 18 feet center to center. Whole permeable 
brick are laid above drainage ways cast in the concrete floor. A number 
of tubes for the escape of air during flushing are extended into the gravel 
laid above the penneable brick. The inside dimensions of the reservoirs are 
7x4x6 feet deep. 

A high silica cement-lined pipe sold under the trade name ‘‘Duroline’' is 
used for all plumbing with promising results from the standpoint of cor- 
rosion. 

The concrete walls of these cultures are made nearly impermeable and 
chemically inert by a two-coat sprayed-on dressing of emulsifled asphalt.'® 

Bukeau of Plant Industry 
Bivkrside, California 

LITERATURE CITED 

1. Chapman, H. D., and Liebig, G. F. Adaption and use of automatically 

operated sand-culture e<piipment. Jour. Agr. Res. 56: 73-80. 
1938. 

2. . Absorption of iron from fine!}’' ground magnetite by 

citrus seedlings. Soil Sci. 48 : 309-315. 1939. 

3. Eaton, F. M. Automatically operated sand-culture eciuipment. Jour. 

Agr, Res. 63 : 433-444. ] 936. 

10 The material iwed is sold under the name “Static Piot(*ctive Coating “ by The 
Plintkote Company. 



ANTAGONISTIC^ AC^.TION OF CHLORIDES ON THE TOXICITY 
OF IODIDES TO COBN^ 

J. C. Lewis and W. L. Powers 

During recent investigations of the relation of iodine to plant nutrition^ 
we found iodides to exert toxic effects on corn at very much lower concen- 
trations than had previously been reported by Maz]6 (6). Maze’s nutrient 
solutions contained 22 p.p.ni. of added chlorides. Our solutions contained 
only such concentrations of chlorides as were carried as impurities by the 
salts and water used in their preparation. We therefore conducted experi- 
ments to determine whetlier chlorides antagonize the toxic effect of iodides 
on coru. 

Methods 

Corn seeds were germinated in the basal nutrient solution described 
below. When 3 to 4 inches high, uniform seedlings were transferred to 
4-gallou stoneware jars containing the basal nutrient solution. Iodide and 
chloride additions were made 2 to 3 days later. 

The basal nutrient solution used had the following composition: calcium 
nitrate, 0.007 M; magnesium sulphate, 0.005 M; monopotassium phosphate, 
0.005 M ; dipotassium phosphate, 0.0015 M ; boron as boric acid, 0.5 p.p.m. ; 
manganese as sulphate, 0.5 p.p.m. ; zinc as sulphate, 0.05 p.p.m. ; copper as 
sulphate, 0.02 p.p.m. ; and molybdenum as ammonium molybdate, 0.05 p.p.m. 

Tap water was used in the preparation of this solution. Ferric tartrate 
was added twice weekly at the rate of 1 ml. of a 0.5 per cent, solution per 
liter of nutrient solution. In one experiment, huraate iron (3) equivalent 
to 2 p.p.m. of iron was used in place of ferric tartrate. The initial pH of 
the basal nutrient solution was approximately 5.8. The pH of the culture 
solutions was adjusted every 2 weeks, or as needed, wliile the solutions were 
renewed at 30-day intervals. 

Iodine was added as potassium iodide. Chlorides were added as a mix- 
ture of the calcium, magnesium, and potassium salts, in the same cation 
l)roportions as these cations appeared in the basal formula. 

The methods used for iodine analyses varied with the anticipated iodine 
content. High-iodine samples were fused with potassium hydroxide. Low- 
iodine samples were burned in the von Kolnitz-Remington (7) oxygen 
torch. The iodine was then recovered by the distillation method of Bratton 
and McClendon (2), followed by bromine oxidation and thiosulphate 
titration. 

1 Published as Technical Paper no. 362 with the approval of the Director of the 
Oregon Agricultural Exi)eriment Station as a contribution of the Soils Department. 
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Chlorine was determined by the A.O.A.C. (1) gravimetric method after 
a nitrous acid treatment (6) designed to remove iodine. 

Results 

The results of our first experiments to determine the toxic levels of 
iodides for corn are given in table I. The growth period was 60 days, by 

TABLE I 

Effect of iodides on growth and compositjon 


Iodide 

Mean dry 

' Iodine 

Total 

Chlorine 

Tot\l 

ADDED TO 

WEIGHT 

CONTENT 

IODINE 

CONTENT 

chlorine 

SOLUTIONS 

of tops 

OF TOPS 

IN TOPS 

OF TOPS 

IN TOPS 

p.p,m. 

gm. 

p.p.m. 

y’ 

P V-n\. 

mg. 

0 

17.2±2.0t 

0.05 

0.9 



0.1 

14.0 + 1.8 

8.0 

J20 1 

1510 

21.2 

0.5 

11.8 + 1.8 

58 

080 

1000 

18.9 

1 

9.9 1.5 

88 

870 

1850 

18.3 

5 

2.2 + 0.4 

4.39 

950 

1 

7820 

1 _ 

17.3 


* The microgram (y) is 0.001 mg. 

t The staDdard error of the mean is used throughout this paper. 


which time the corn Imd immature ears. Duplicate jars with 3 plants pei 
jar were used for each treatment, except that in which 5 ji.p.m. of iodine Mas 
added for which only 1 jar M'as used. 

The data show growth repression even at 0.1 p.p.m. of added iodine, while 
5 p.p.m. is extremely toxic, (dilorosis is pronounced in the presence of 5 
p.p.m. of iodine. The iodine content of the tops is approximately propoi*- 
tional to the iodine concentration of the nutrient solutions. The chlorine 
content appears to be related to the iodine concentration oF the nutrient 
solutions. 

The next two experiments were conducted to determine the effect of 
20 p.p.m. of added chlorides on the toxic action of 2 p.p.m. of iodine. In the 
first of these experiments, h innate iron was used as a source of this element. 
These plants became uniformly chlorotic, and growth was greatly repressed. 
Local additions of iron salts on the leaves produced green spots, showing that 
the symptoms were caused by iron deficiency. These plants are referred to 
hereafter as * ‘iron-deficient.^’ 

In the second experiment ferric tartrate M’as used as a source of iron. 
These plants, which did not suffer from iron deficiency, are referred to here- 
after as “normal.” After 30 days the plants in each jar were weighed and 
those 4 nearest the mean weight were returned to the culture solutions. 
After a total of 46 <iays these plants had reached the tasseling stage and were 
then harvestejl. Triplicate jars were used for each treatment. Eight seed- 
lings per jar irere used. 
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The results, summarized in table II, indicate that 2 p,p»m. of iodine 
reduced the yields by approximately 40 to 60 per cent. About one-half of 
this injury was preventable by the addition of 20 p.p.m. of chlorides. 

TABLE II 

Effect of <’nL0Rii>E8 on the toxk^ity op iodides 


Treatment added 

TO solution 

Iron -DEFICIENT corn 

1 Normal corn 

Green weights 
AFTER 27 DAYS 

Green weights 
AFTER 30 DAYS 

Green weights 
AFTER 46 DAYS 



gnt. 

gm. 

gm. 

Chloride 

Iodide 

0 li.p.m. 

0 p.p.m. 

6.35 ± 0.37 

27.0 ±1.0 

120 ±8 

Chloride 

Iodide 

20 p.p.m. 

0 p.p.m. 

7.57 ± 0.34 

28.5 ±1.1 

108 ±5 

Chloride 

Iodide 

0 p.p.m. 

2 p.p.m. 

3.61 ±0.17 

16.3 ± 1.3 

44 ±5 

Chloride 

Iodide 

20 p.p.m. 

2 ]>.p.m. 

6.07 ± 0.29 

21.7 ±1.0 

80 ±9 


Chlorine and iodine analyses of certain of the plant materials were made 
to see if the chlorides act by repressing? the absorption of iodine. These data, 
presented in table III, indicate that the iodine content has not been espe- 
cially affected by the chloride concentration of the solutions. The chloride 
content, in most cases, has been markedly increased by the presence of 2 
p.p.m. of iodine in the cultural solutions. 

TABLE III 

EFPE(’TH of iodide AVI) (’HLORIDE TKE\TMENTS ON COMPOSITION OF CORN PLANTS 




30 DAY-OLD 
plants : 


46 D\y-OIiD PLANTS 


Treatment \dded 
to solutions 

Tops 

Roots 

Leaves 

1 Stems 

Roots 



Chlo- 

rine 

Chlo 

RINE 

Chlo- 

rine 

Iodine 

Chlo- 

rine 

Iodine 

Chlo- 

rine 

Iodine 



p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Chloride 

0 p.p.m. 

2940 

2070 

1410 

0.46 

1320 

0.14 

840 

0.42 

Iodide 

0 p.p.m. 









Chloride 

20 p.p.m. 

5560 

2980 

5520 

0.33 

4750 

0.14 

2050 ' 

‘ 0.51 

Iodide 

0 i>.p.m. 



i 






Chloride 

0 p.p.m. 1 

4540 

2650 

2860 

236 

2460 

166 

1440 

, 138 

Iodide 

2 p.p.m. 









Chloride 

20 ]).p.m. 

7560 

3490 

5980 

240 

5630 

156 

1690 

136 

Iodide 

2 p.i>.m. 
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Tap water was used in these experiments since previous work had shown 
that nutrient solutions prepared from tap water and C. P. chemicals had 
iodine contents of the order of 0.001 p.p.m. Corvallis city tap water has had 
an average iodine content for the past several years of 0.00035 p.p.m. 

After analyses were made of the plants grown in solutions to which 
chlorides had not been specifically added, it became apparent that the basal 
nutrient solution contained very appreciable amounts of chlorides. Subse- 
quent analyses indicated a chloride content of about 3 p.p.m. in the tap 
water, while the chlorine contributions from the nutrient salts and the seeds 
were negligible. 

Discussion 

Under the experimental conditions the extent to which chlorides antidote 
the toxic action of an iodide concentration that gave a 50 per cent, reduction 
in yield was quite marked and fairly uniform. The magnitude of this 
degree of toxicity is well suited to studies of this type. The reduction in 
yield is marked enough to give clear-cut results without serious interference 
from secondary factors such as chlorosis. No work was done to determine 
protective Cl/I concentration ratios such as those worked out for other 
chemically-related elements by Hurd-Karrer ( 4 ). 

Since merely raising the chloride concentration in the nutrient solution 
from approximately 3 p.p.m. to 23 p.p.m. gave a substantial antidoting effect, 
one is led to speculate that the toxicity of a given level of iodides would have 
been greater had chlorides been more rigorously excluded from the culture 
solutions. Likewise, the response of iodide toxicity to added chlorides may 
depend on the amount of chlorides already present in the solutions and may 
be greater at lower basal chloride concentrations. 

In table III it may be seen that the chlorine contents of the 30-da3’^-old 
normal corn are considerable higher than those of the 46-day-old normal 
corn. Moreover, iodide treatment is almost as effective as chloride treatment 
in raising the chlorine content. The possibility of an artifact wherein 
iodides would be mistaken for chlorides in the analyses was eliminated by 
removal of iodine by nitrous acid (6) treatment. This separation was found 
by actual test to be complete under our conditions. 

The effect of iodine in increasing the chlorine content may be most readily 
explained by assuming that the primary effect of the iodine is in inhibiting 
growth, while it has little effect on the absorption of chlorides. In this event 
the total chlorine absorbed per plant should be relatively constant. That 
this is the case may be seen in table I. Similar calculations for the other 
experiments are iuj^eement with these drfta. 

In general, till iodine content of the plants is approximately propor- 
tional to the^odide concentration in the solutions. The absolute amount of 
iodine in the^plants is therefore determined in part by the effect of iodine on 
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growth, as well as by the iodine content of the plants. The chloride concen- 
tration in the solutions apparently does not affect the iodine content of the 
plant tissues. 

Since chlorides do not appear to act by repressing iodine absorption, they 
may act by replacing iodine in certain physiological reactions within the 
plant. This general reaction was proposed by Hubd-Karrer ( 4 ) in her 
* ‘mass-action antagonism’’ hypothesis. In this case, the increased chlorine 
content of the plant may be a protective response of the plant to iodide 
toxicity, the plant maintaining a similar chloride absorption rate per plant 
in spite of the reduced growth rate. 

The apparent lack of relation between iron deficiency and the chloride- 
iodide antagonism is notew^orthy. Extreme iodide toxicity (5 p.p.m. in 
table I) is superficially very similar to severe iron-deficiency chlorosis. Corn 
grown in solution cultures is very susceptible to iron deficiency. This may 
have contributed to some extent to the variability of the individual plant 
weights obtained in these experiments. 

It is of interest to note that marine plants, and especially seaweed, nor- 
mally have iodine contents that may be acquired by land plants only in the 
presence of highly toxic iodine concentrations. In the case of marine plants, 
the plentiful supply of chlorides in the environment may be of prime impor- 
tance in permitting the accumulation of iodine without toxic effects. 

Of more immediate importance is the fact that the discovery of the 
iodide-chloride antagonism permits a partial explanation of certain dis- 
cordant results in the literature dealing with the effects of iodine on plant 
grow^th. The presence of an adequate concentration of chlorides, by re- 
ducing the toxic action of iodides, may profoundly influence the outcome of 
such experiments. 

Summary 

1. The addition of 20 ]).p.m. of chlorides partially prevented the toxic 
action of 2 p.p.m. of iodides on corn in solution cultures. 

2. The iodine content of the plant material was not affected by the 
chloride concentration in the solutions, but the chlorine content was increased 
markedly in the presence of 2 p.p.m. of iodides. 

3. The iodide-chloride antagonism appeared to be independent of iron 
deficiency. 

We desire to thank Dr. J. R. Haag of the Department of Agricultural 
Chemistry for his kind cooperation in furnishing laboratory facilities for the 
iodine analyses. 

Oregon State College 
Corvallis, Oregon 
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SOME COMMENTS ON THE MECHANISM OF PHLOEM 
TRANSPORT 

T. G. Mason and E. Phillis 

In a recent paper, Chafts (6) points out that ''Present theories fall into 
two catej 2 :ories: (1) movement of solute molecules taking place in, through, 
or upon the surface of sieve-tube protoplasm, and which results from proto- 
])]asmic activity; (2) mass flow of solution through sieve-tubes or phloem, 
related, at least indirectly, to activity of photosynthetic tissues, and not de- 
pendent upon the activity of the sieve-tube protoplasm/’ His paper pre- 
sents his objections to the first mechanism and the case for mass flow. 

"The pressure-flow theory,’’ he now says, "pictures acceleration in the 
sieve-tube as resulting from a hydrostatic pressure, developed osmotically 
and exerted impartially upon solute and solvent.” "Conduction,” he 
thinks, "is permitted by a high permeability of the sieve- tube cytoplasm 
resulting from a decline in its activity state.” 

The prototype of })i*essure-flow theories is that advanced by Mi'tnch 
(16). One prerecpiisite of this theory is open sieve-])ores,’ and provided 
that those are present, Mason, Maskell, and Phillis (12) concluded that 
the observed gradients of osmotic pressure were adecjuate to produce the 
re(juired rate of flow through the sieve-tubes. But all rec^ent investigators 
are unanimous in concluding that the sieve-])ores are not open. Crafts 
(3) stressed this fact and his recognition of it led him to suggest that the 
jiressure stream travelled longitudinally through the walls. The fallacy 
in his caliMilation of wall resistance was exposed bv Steward and Priestley 
( 22 ). 

(hiAFTS (6) has since modified liis position by postulating movement 
along the lumen of the sieve-tube and through the transverse walls sepa- 
rating sieve-tubes. The protoplasm of the functional sieve-tube, he believes, 
has lost the property of semi-permeability. Presumably there would also be 
some longitudinal movement through the walls of the jihloem jiareuchyma 
and the sieve-tubes. His belief that the sieve-tubes are freely permeable is 
based on his inability to plasmolyze these elements. He seems to think that 
the sieve-tubes become senescent before the other jihloem elements. In a 
previous jiaper (14), we have pointed out that sieve-tubes may be plasmo- 
lyzed provided they are not injured, (’’ttrtis and Asai (7) have very re- 
cently confirmed our observations. There would thus appear to be no ex- 
perimental grounds for Crafts ’s belief that the sieve-tubes are freely per- 

1 The vacuoles of adjacent sieve-tubes were assumed to be continuous through the 
sieve-pores. 
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meable.* Apparently he has not realized that the sieve-pores allow pressure 
to be transmitted from one element to another ; thus sieve-tubes might be 
injured^ at some distance from a cut. As to the senility and low activity of 
the sieve-tube, Small ( 21 ) has recently demonstrated that protoplasmic 
streaming occurs in these elements. One wonders whether the sieve-tubes 
are always as short-lived as Crafts believes. In x)alms, for instance, it 
would appear that they often live for a great many years. 

Curtis and Asai ( 7 ) have also pointed out that if the sieve-tubes are 
permeable to their contents there would be lateral leakage since there is 
nothing equivalent to the»Casparian strip in the stern. They found that 
‘‘the phloem exudates from Fraxinus and that from Cucurbita will strongly 
plasmolyze their respective phloem parenchyma cells’’ and point out that 
this “demonstrates that tlie sieve-tube membranes cannot be completely 
permeable to their contents.” A further point is that hydrostatic pressure 
could not be generated in the fine veins of the leaf ( 17 ) if the transition 
cells were freely permeable. 

Even if the sieve-tube could not be plasmolyzed, it would only indicate 
(apart from the possibility tliat it had been killed) that its protoplasm was 
equally permeable to water and solutes. It would not follow that its pei*- 
meability to water had been affected. Crapts^s modification of the Munch 
theory involves movement through highly permeable protoplasm instead of 
movement through an open channel. The observed pressure gradients were 
only just sufficient to account for movement through open sieve-pores and 
not through sieve-pores filled with a viscous colloid, which is what Crafts ’s 
suggestion amounts to. Actually the capacity of the phloem to conduct 
water appears to be extremely limited. Thus, when the wood is removed 
from the stem of a cotton plant between the foliage region and the root, the 
leaves rapidly wilt. Purthei*more, when all the leaves are removed, the 
unlignified upper part of the stem fails to remain turgid. The observations 
of Dopp (9), who has shovm that the growth of young fruits of apple is 
completely inhibited if the wood leading to them is broken, point in the 
same direction. 

We now enter territory that is still somewhat debatable. The pressure- 
flow theory requires a hydrostatic pressure gradient in the conducting 
tracts. It has been generally assumed that this gradient is caused by differ- 
ences in osmotic pressure. Osmotic pressure gradients of 2 to 9 atmospheres 
per meter in the sap exuded from sieve-tubes have been demonstrated by 
Dixon ( 8 ). Bennet-Clark, Greenwood and Barker ( 1 ) have recently 

% 

2 It is of interest to note that the colls of the basf-gloni(‘ruli of the yam (10) can bo 
readily plasmolyzed. 

3 In a recent paper (19) we have considered some of the factors responsible for the 
production of sap from protoplasm as a result of pressure injury. 
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suggested that the turgor pressure of the cell is only partly due to the 
osmotic pressure of the vacuole. They postulate iu addition a secretion 
pressure driving water into the vacuole. Our own observations on the 
osmotic pressure of the vacuole (16) have led us to suggest that the con- 
tribution made by the osmotic pressure is very small compared with that of 
the secretion pressure. Our suggestion has since received confirmation 
from the very recent work of Bennet-Clark and Bexon (2). It would 
thus appear that the whole question of the existence of hydrostatic pressure 
gradients in the sieve-tube system is in doubt. 

In commenting on what he terms ‘‘the inadequacy of mass-tissue analysis 
for studies on translocation/^ Crafts (6) says “mass analysis gives pre- 
dominantly a picture of vacuolar concentrations and indicates simply the 
amount of solutes maintained in the vacuoles.’’ We have recently shown 
(16) that the concentration of solutes in the vacuole is only a small fraction 
of that in the protoplasm. Our results have since been confirmed by Ben- 
net-Clark and Bexon (2). We were also able to show that the protoplasm 
normally occupies the bulk of the cell. Mass analysis therefore gives pre- 
dominantly a picture of the concentration in the protoplasm and is accord- 
ingly justified in studies on translocation. Thus, in the leaf, over 90 per 
cent, of the sugar may be in solution in the protoplasm. 

Crafts remarks that “continued experiments on chilling and coating 
petioles have failed to prove that sieve-tube protoplasm plays an essential 
role in longitudinal transport.” But we have shown (13) that withholding 
the supply of oxygen to the stem results in a stoppage of transport only as 
long as oxygen is withheld, and that reducing the supply of oxygen to 
defoliated fruiting branches retards the rate of carbohydrate transport to 
the boll. Crafts apparently believes that these results may have been 
caused by altered permeability. It will be evident that this explanation is 
in direct conflict with his statement that such “experiments have failed to 
prove that si(*ve-tube protoplasm plays an essential role in longitudinal 
transport.” 

Crafts (6) is now sensible that mere exudation of sap is not evidence 
of a directed mass flow of solution through the sieve- tube system (22). He 
has accordingly attempted to show that the exudate is not of local origin. 
He claims that on cutting away 36 cm. of stem from a squash plant the 
volume of the exudate was equal to the volume of phloem in 173 cm. of 
stem. The stem was cut repeatedly in thin slices. He remarks that “during 
the collection several internodes were removed.” lie says nothing about the 
leaves and petioles on the nodes. Until it is clear how much sap was con- 
tributed from this source, his claim that the exudate is not of local origin 
must remain in suspense. His belief that the exudate depends on the activ- 
ity of the photosynthetic tissues would appear to be Avithout foundation, for 
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we have found that active exudation proceeds from pumpkin steins a num- 
ber of days after the leaves had been removed, while he himself (4) found 
that “the exudation from the cut peduncle of a fruit stored for six weeks 
was normal/’ As far as we are aware it has not yet been demonstrated that 
the direction and rate of transport are in any way related to the direction 
and rate of exudation (11). 

The calculations of Mason and Maskell (11) led them to conclude that 
the diffusion constant of sugar in the phloem is almost forty thousand times 
as great as the diffusion constant in a 2 per cent, solution of sucrose in 
water. Crafts (6) points out that these rates are based on the whole area 
of the phloem, including sieve-tubes, companion cells, parenchyma, and 
the cell walls of these cells and are therefore much too small. He concludes 
that sugars must move in the sieve-tubes at rates at least 200 times those 
originally proposed by Mason and Maskell. While he may be correct in 
concluding that Mason and Maskell ^ s calculations are too low, it is very 
doubtful if they ought to be raised as much as he suggests. He claims to 
have measured, for instance, the thickness of the cytoplasmic layer of the 
sieve- tube, even though Sinnott and Trombetta (20) concluded that “the 
problem of determining cytoplasmic volume in plant cells seems almost a 
hopeless one.” We have referred in a recent paper (15) to the difiBciilties 
involved in measuring protoplasmic volumes. Without going through the 
whole of his calculations we should refer to his failure to make any correc- 
tion for the collapse of the sieve-tube w^hen sections are cut. On the other 
hand, the figures of Mason and Maskell may be too high for two reasons. 
In the first place, the sugar gradients in the sieve-tubes may be steeper than 
in the phloem parenchyma. Secondly, Small (21) has demonstrated proto- 
plasmic streaming in mature sieve-tubes. While streaming alone could not 
account for the acceleration of diffusion at the rates calculated by Mason 
and Maskell, the existeiK'e of streaming would greatly reduce the diffusion 
constants required to move carbohydrates at the observed rates. The point 
.to stress in connection with the calculations of Mason and Maskell of the 
diffusion constant for sugar in the sieve-tube is that it is immeasurably 
greater than the diffusion constant of sugar in water. 

To those who believe that protopla.sm has a gel structure consisting of a 
predominantly protein reticulum and an aqueous continuous phase, such 
diffusion rates will be incomprehensible. Protoplasm, however, has almost 
certainly not a typical gel structure. However this may be, it has structure, 
and structure that exists only as long as metabolic enei*gy is supplied. 
Energy is utilized in maintaining structure apd, in virtue of this structure, 
protoplasm has properties quite unlike those of water. Moreover, the 
amount of energy required to maintain this structure would bear no rela- 
tion to the amount of energy that would be required to accelerate diffusion 
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in water. The hypothesis of activated diffusion, in short, regards proto- 
plasm as an activated liquid with diffusion constants and solubilities (18) 
quite different from those of water. Until the physicist knows more con- 
cerning the nature of liquids (e.g,, liquid helium) and of activated diffu- 
sion, and the biologist knows more about the physics of protoplasm, it is 
impossible to say how the diffusion of solutes is accelerated in the sieve-tube. 
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pH determination IN PLANT TISSUE 
A . E . 0 . Haas 

In a recent investigation^ a procedure was found that permitted fairly 
accurate determinations of the pH of soils of low moisture percentages. One 
of the essentials of the method was the use of a horn spoon in spreading the 
moisture or soil films uniformly throughout the rather dry soil mass. 

When plant tissue is finely cut in a grinder, relatively few of the cells are 
actually opened. The important fact is that the contents of the cut cells is 
smeared over the uncut groups of cells. On account of the somewhat analo- 
gous nature of the state of the soil and of the finely divided plant tissue, it 
appeared highly probable that the same methods that were applied in the 
determination of the pH of soils could be applied equally as well in the pH 
determination of plant tissue. 

Materials and methods 

The pulp of date fruits, the peel of lemon fruits, and the leaves of avo- 
cado seedlings furnished tlie material for the tests. A Beckman pH meter 
(model g) with a shielded glass electrode, and ten-foot extension cables 
attached to both electrodes, served as the means of measuring the pH. 

The date fruits were vnped clean without being previously washed. The 
lemons and the avocado leaves were washed in running distilled water and 
then wui)ed dry. The date fruits were cut with a knife in order to discard 
the seed. The lemon fruits were peeled and the pulp was discarded, care 
being taken in the peeling process to avoid piercing the bounding membranes 
of the acid pulp. The samples were finely cut by means of a Universal food 
chopper, no. 3, making use of Ihe finest of the four cutters. The chopper was 
used in place of the Wiley mill because of the relative ease in the washing 
and drying of the chopper, although most any cutting machine may be used. 
With very woody material the mill is most useful, although pencil sharpeners 
or whittling with a knife may be usefully employed. 

The pH was determined immediately after each lot of material was cut 
in the chopper. The same sample of finely cut plant tissue that was used in 
the determination of pH was at once placed in a wide-mouthed glass jar that 
was tightly closed by means of a glass cover with suitable rubber gasket and 
metal clamp. As each sample was finished it was temporarily stored in a 
refrigerator until the group of samples was completed. Refrigeration was 
then obtained by storing the jars overnight in an underground freezing room 
of a cold storage company. The following day the jars were taken to the 

1 Haas, A, E. C. The pH of soils of low moisture content. Soil Science (In press) . 

405 



406 


PLANT PHYSIOLOGY 


laboratory where, after thawing the frozen plant tissue, the juices were 
expressed and the pH values determined in the extracted juices. Twenty 
thousand pounds pressure was used for the sap extraction from the date pulp 
and avocado leaves, while fifteen thousand pounds was used for the sap 
extraction from the lemon peel. 

After the plant tissue was finely cut with the cliopper it was thoroughly 
mixed in a shallow, Avide glass dish. The juice from the cut cells was uni- 
formly spread throughout the mass by means of a horn spoon which was used 
in the same manner as a spatula is used in mixing ointments. Heating of the 
material was overcome by working rapidly and by spreading out the material 
immediately after it emerged from the chopper. With some materials brief 
refrigeration may be of assistance in this regard. The cut tissue is placed 
in a beaker which is tapped on a folded towel on the table top. Witli the 
hand or any suitable tool, the tissue is vrell compacted within the beaker and 
the electrodes and thermometer are quickly inserted. 

Both electrodes were held in an electrode holder provided with a spring 
clamp on a metal support. Upon squeezing the clamp the electrodes could 
be raised or lowered. The electrodes were pressed into the cut tissue and the 
surface tissue was firmly comj)acted about the electrodes in order to cover 
the unshielded poi’tion of the glass electrode. A sufficient depth of well 
compacted tissue should occur between the bottom of the beaker and the 
sensitive part of the glass electrode. This material acts as a bumper or 
buffer in preventing the glass electrode from being broken against the bottom 
of the beaker. These electrodes are supposed to withstand pressures of 
thirty-five pounds and probably will withstand much higher pressures. In 
the inserting of the glass electrode into soils,^ whenever care was taken to 
avoid contacting the bottom of the beaker, these electrodes withstood any 
slow steady pressures that could be applied with the hands. 

After the temperature adjustment of the pH meter was made, the i)H 
readings of the tissue were made. The electrodes then were more firmly 
pressed into the tissue and the surface tissue again was tightly compacted 
about the electrodes. Thus, pH readings were made a second time. This 
repetition or renewal of the electrode pressures and the surface compacting 
about the electrodes with the accompanying pH readings was continued until 
three successive repetitions of the process shpwed no appreciable change in 
the pH readings. This insures that the contact between the juice films on 
the tissue and the glass electrode is the most intimate that is obtainable.^ 

The sample of tissue was then removed as described and after being 
frozen, the sap was extracted under pressure.'- The pH of the juice was then 
determined and compared with that of the finely divided and freshly cut, 
but unfrozen, plant tissue. 
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Results 

pH op cut fresh fruit tissue as compared with that of the 

JUICE OP THE FROZEN TISSUE 

A total of 100 unripe green dates were collected at Indio on July 24, 
1939 ; the pulp weighed 158 grams and the seed 19 grams. The peel of seven 
ripe healthy lemons Avas used in the test with lemons. Table I shows the 


TABLE I 

pH of freshly cut pl\nt tissue \nd of the sap obtvined from the frozen tissue 


Sample no. 

Finely cut fresh 
plant tissue 

Jitk'e extracted from 
FROZEN plant TISST'E 


Deolft Noor date pi lp 


1 “pH 

1 

1 

i 

i 

1 

o.»55 

.A.45 

2 

' r).63 

' 5.47 

o ! 

' 5.55 

5.41 

4 1 

5.60 

5.50 

5 

5.62 

5.50 

Distilled water 

5.27 


1 

Peel of ripe iievltha lemons 

. ' _ _ _ 1 

1 5.30 1 

1 5.31 


agreement between the pH values of finely cut fresh fruit tissue and those 
of the sap extracted from these tissues after being frozen. With date pulp 
which is \ery high in sugars there should be considerable opportunity for 
chemical changes to take place after the pulp is cut and yet the results were 
most jiromising, even in these jireliminary tests. 

I’H or FINELY ('I"T FRESH AVO('ADO LEAVES AND OF THE JUICE EXTRACTED 
FROM THE TISSUE AFTER FREEZING 

This experiment should not only serve to reveal wlietlier the pH values 
of cut fresh tissue differ from those of the sap of the same sample of tissue 
after freezing, but should also indicate the effect, if any, of the pll of the 
soil upon that of the sap in plant leaves. 

Hanford soil (pasture soil), obtained near the Citrus Exiieriment Sta- 
tion, was used in these cultures. An avocado seed was planted in each con- 
tainer of soil. The containers Avere six inches in diameter by seven inches 
high and contained 4000 grams of air-dry soil. Distilled water AA’as used at 
all times. The cultures each receiA’cd a total of 1.0947 grams of nitrogen 
applied in the form of calcium nitrate solution. Tliis nutrient was divided 
into three equal applications to the soil during the groAvth of the cultures 
from May 1, 1939, to June 5, 1940. Various amounts of sulphur (table II) 
were applied to the surface of the soil after the tops Avere several inches high. 
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TABLE II 


BBSULT or COMPABATIVB METHODS OP DETEBMININO THE PH OF AVOCADO LEAF SAP OF PLANTS 
OKOWN IN SOILS OF DIFFERENT PH 



Soil samples at end 







OF THE EXPERIMENT 






Sttlphub 

ADDED TO 
THE STJB- 



Moisture 
PERCENT- 
AGE of 
THE SOIL 
AT END OF 
THE EX- 
PERIMENT 




Juice ex- 
tracted 

FROM 

pH at the 

pH OF 
SUSPEN- 
SION OF 
OVEN- 
DRIED SOIL 
1-5 SOIL- 

Fresh 

WEIGHT 
OP LEAVES 

Fresh 

WEIGHT 
OF trunk 

Freshly 

CUT 

FACE OF 

! CULTURE 

AVOCADO 

FROZEN 

SOIL CUL- 
TURES 

SOIL MOIS- 
TURE PER- 

LEAVES 

AVOCADO 

LEAVES 


CENTAGE 

WATER ' 
RATIO 






gm. 

pH 

pH 

% 

gm. 

gm. 

pH 

pH 

0 

6.42 

6.86 

10.1 

55 

64 

5.45 

5.47 

0.05 

6.53 

6.72 

10.3 

85 

101 

5.47 

5.50 

0.10 

6.49 

6.84 

11.8 

69 

90 

5.41 

5.44 

0.50 

5.90 

6.37 

11.0 

86 

132 

5.40 

5.40 

1.00 

5.26 

5.95 

8.2 

88 

106 

5.43 { 

5.42 

1.60 

4.82 

1 5.42 

6.9 

98 

104 

5.55 

5.57 

2.00 

4.72 

5.04 

9.1 

91 

104 

1 5.40 

5.37 

2,50 

4.39 

4.83 1 

6.8 

89 

99 

5.63 

5.70 

3.00 

4.21 

4.55 

6.6 

98 

102 

5.80 

5.98 

3.50 

4.31 

4.46 

6.8 

65 

77 

5.63 

5.61 

4.00 

4.02 

4.24 

10.6 ! 

16 

36 

5.65 

5.76 

4.50 

3.80 

4.10 

1 

10.0 

f Leaves 

1 dead 

30 



5.00 

3.75 

4.11 


1 Leaves 
( dead 

31 




Soil samples divided into 
upper and lower halves 






6.10 

6.70 

8.0 





U 

7.27 1 

7.38 

8.1 





0.05 

5.85 ' 

6.60 

5.9 





6.70 

7.27 

5.8 


i 



0.10 

6.05 

6.66 

7.8 





6.82 

7.24 

8.3 


1 



2.00 

5.06 

5.31 

4.5 


1 



5.14 

5.20 

5.4 


1 

i 1 




Soil samples were obtained when the exiieriment was terminated. Six 
cores of soil, taken the full depth of the container, were used for the pH 
determination at the culture soil-moisture content. When oven dried, these 
soil samples were used to determine the culture soil-moisture percentage at 
the time of sampling and were also used for the pH determination of soil 
suspensions at the 1 to 5 soil-water ratio. A few days after the soil sampling, 
additional samples in a few containers were taken at the upper and the lower 
three-inch depths. 

Table 11 shows the pH values of the soil when the experiment was con- 
cluded* In every case the pH values obtained in suspensions at the 1 to 5 
soil-water ratio exceed those determined at the culture soil-moisture percent- 
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age occurring at the teruiinatioii of the experiment. The pH at this latter 
moisture content more nearly represents the pH that affects the growth of 
these plants than does the pH at the 1 to 5 soil- water ratio. 

In the soil samples (table II) taken from the upper portion of the soil 
mass, the pH at the culture soil-moisture percentage was less than that of the 
lower or deeper portion of the soil mass. Any acidity produced by oxidation 
of the sulphur or by the use of the distilled water (pH 5.30) brings acidity 
to the upper portion of soil before that to the lower or deeper portion. 

Where no sulphur was applied the growth was poor. Even the smallest 
application of sulphur greatly improved the growth. With a sulphur appli- 
cation above 3 grams, growth was retarded, while at the 4.5- to 5-gram 
application, the leaves were dead and remained attached to the trunk which 
was alive. 

Table II shows the range of soil acidity at the termination of the experi- 
ment. At or below pH 4.00 the growth was seriously retarded. The pH 
values for the leaves by the two methods of preparing the tissue agree very 
well. It is of interest that at the pH values of the soil (determined at the 
culture soil-moisture percentage) above pH 4.50, the pH values of the leaf 
tissue or juice are all approximately the same. Below this soil pH value, 
the pH readings for the tissue, or its juice, show a very slight tendency to 
be higher. Why the reaction of the tissues or their juices should tend to be 
less acid while the reaction of the soils are more acid, will require further 
study. At any rate, at the pH values which are comparable to those already 
found in orchard soils, the pH of the leaf tissue is notably constant. 

In tables I and T1 it will be seen that the pH of the leaf or fruit tissue 
experimented with, was close to 5.5. Other pH determinations, for example 
those of the juice of the pulp of citrus fruits, are very much lower than this. 
With tissues other than these, as for example in the tissues of roots, very low 
pH values were also encountered. These pH determinations were made hy 
whittling the root into many shavings which were treated in the manner 
described for cut fresh tissue. This technique should prove most useful for 
tissues from wliich it is difScult to obtain much juice, such as woody twigs, 
and for those tissues in which high air-suction or pressures are being avoided. 

Summary 

The method used for the pH determination in soils of low-moisture con- 
tent was found to be equally applicable to plant tissue. The agreement 
between results obtained in this manner and those obtained with juice ex- 
tracted from frozen tissue was most satisfactory. Over a wide range of pH 
in the soil of avocado cultures, no significant change in the pH of the leaf 
juice was noted. 

ClTRTTS EIXPEEIMENT STATION 
University of California 




POTASSIUM DETERMINATION BY THE COBALTINITRITE 
METHOD AS AFFECTED BY TEMPERATURE AND pH 

li K I- A N D B r R K II A K T 

(with two figures) 

Rapid chemical analysis of plant and soil extracts for plant nutrients 
is beinf? j^iven widespread attention. Potassium is one of the most impor- 
tant and expensive plant nutrients and requires, therefore, special consid- 
eration of methods employed for determininjr its concentrations in soils and 
idant tissues. 

TJie cobalt in itrite method for potassium determinations in extracts of 
soils and ])lants is bei'omin^ universal ; many investigators, however, have 
not considered the ini]>ortance of controllin*? temperature and pH durinj< 
the precipitation reaction. 

Early iiivestijrators noted the spariiijr solubility of the double salt pre- 
pared by precii)itation of <*obalt salts with strong solutions of potassium and 
sodium nitrite whi(*h Jed to the development of de Koninck’s reagent as a 
(pialitative test for potassium. Adie and Wood (1) in ji:ravimetric and 
volumetri(* determinations of jiotassium in fertilizers and soils by the cobal- 
tinitrite method found it necessary to have relatively hijrh concentrations 
of potassium (0.5-1 per cent.) in the precipitating medium in order to 
obtain reliable results. The precipitation of potassium salts in the sodium 
cobaltinitrite is a])preciably more sensitive on addition of silver salts but 
this depends on the solution bein^ halogen-free (2). Lithium, thallium, 
and ammonium salts must not be present as these also <>:ive crystalline pre- 
cipitates with sodium cobaltinitrite. Schueler and Thomas (3) re]^ort 
that it is necessary to kee]) the precixiitatiiif? medium cooled to 5° to 8° C. 
for several houi*s in order to obtain satisfactory results. 

In the course of developin**: a satisfactorily sensitive method for the 
rapid determination of i>otassinm in extracts einidoyinjr sodium cobaltini- 
trite, it was necessary to determine the effect of temperature over a wide 
raii^e of potassium concentrations in order to establish a satisfactory set of 
conditions for tlie precipitation reaction. Potassium standards were pre- 
pared from j)otassium chloride. All solutions used were cooled in w^ater 
baths to the respective temperatures indicated in figure 1, before addinjr the 
dry sodium cobaltinitrite. In preliminary trials it was found that sodium 
cobaltinitrite in the dry form is more sensitive than saturated solutions in 
equivalent amounts, even when the latter are accompanied by higher con- 
centrations of sodium attained by addition of salts such as sodium nitrate 
and sodium chloride. Sodium cobaltinitrite in the dry form was used at a 
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Fig. 1. Temperature of precipitating medium as affecting cobaltinitrite precipita- 
tion of potassium from prepared standards of potassium chloride. Turbidity readings at 
10° C. used as standard of comparison. 

rate to exceed 150 times the amount of potassium present in the precipi- 
tating? medium. 

To a pre-cooled 5-ml. portion of a potassium standard in a test tube 
there was added 60 mg. of sodium cobaltinitrite. Additional amounts of 
the reagent were used, however, at the rate of Cte mg. per 0.5 mg. of potas- 
sium when the concentratiOto of potassium exceeded 100 p.p.m. After 
shaking the contents, 5 ml. of pre-cooled 95 per cent, ethyl alcohol were 
added and again shaken. One-half hour was allowed for the precipitation 
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and the turbidity compared with respective concentrations of potassium 
precipitated at C. The turbidity developed by precipitation of various 
concentrations of potassium at 10® C. was used as a standard of comparison. 

The results of the precipitations of the various concentrations of potas- 
sium at the respective temperatures are p^iven in graphic form in figure 1. 
Of special significance is the fact that at low concentrations of potassium 
(5 to 20 p.p.m.) no precipitate is formed at or above temperatures of 20® C. 
Many of the extracts of productive peanut soils in North Carolina have con- 
centrations of potassium which are less than 20 p.p.m. and it is, therefore, 
imperative that a low precipitating temperature be maintained when esti- 
mating low concentrations of potassium. At concentrations higher than 40 
p.p.m. more precipitation occurs at 25® to 30® than at 10® C. Temperatures 
above 30® C. result in marked decreases in precipitation at all concentra- 
tions of potassium. It was found that the precipitation at 10° C. results 
in a much wider readable range of potassium concentrations. It is evident 



Tio. 2. Hydrogen ion concentration of precipitating medium as affecting cobalt!- 
nitrite precipitation of potassium at 10® C. from prepared standards of potassium chloride 
made up in respective buffer systems. Turbidity readings at pH 6 used as standard of 
comparison. 
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that the rapid determination of potassium by turbidity readings of cobaltini- 
trite necessitates controlling the temperature of the precipitating medium. 

The influence of the hydrogen-ion concentration of the precipitating 
medium is shown graphically in figure 2. The respective pH buffer systems 
employed were as follows : pH 1 and 2, NaCl + HCl ; pH 3 to 6, AcOH 
+ NaOH; pH 7, combination of pH 6 and 8; pH 8 to 12, HsBOs + NaCl 
+ NaOH. These systems were made up from normal solutions to the desired 
pH by the electrometric titration procedure employing the glass electrode 
and a potentiometric pH meter. The phosphate buffer system could not 
be used because of interference of high concentrations of phosphate with the 
cobaltinitrite precipitation. As shown in figure 2 a buffer system at pH 6 
is the most sensitive, therefore desirable as a precipitating medium for the 
estimation of all readable concentrations of potassium. Under alkaline con- 
ditions above pH 9 decomposition of the cobaltinitrite makes it impossible 
to determine potassium by this method. 

From these results it appears that the precipitating medium should be 
maintained at 10° C. and pH 6 for the rapid determination of potassium 
by the cobaltinitrite method. Potassium standards should be prepared in 
buffer systems at the same pH as the extracts being examined. Under these 
controlled conditions of temperature and pH, a readable concentration 
range of 2 to 200 p.p.m. of potassium is attained. Turbidity measurements 
are satisfactorily made by the photoelectric method when using the proper 
color filter. 

Nobth Cabolina Agbicultubal Expbbiment Station 
Balbigh, Nobth Cabolina 
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CHANGES IN CHEMICAL COMPOSITION OP TWIGS 
AND BUDS OF YELLOW POPLAR DURING 
THE DORMANT PERIOD 

J. Joseph McDermott 
(with two figures) 

Introduction 

In order to study the chemical changes that accompany the breaking of 
dormancy in yellow poplar, Liriodendron fulipifera L., upon treatment with 
ethylene chlorohydrin vapor, it was necessary to determine what changes 
occur under natural conditions. It is with these latter changes that this 
paper is concerned. 

Methods 

During the dormant period a series of five samples of the buds and of 
the preceding year’s growth was taken from a number of dominant and 
codominant yellow poplar trees. The samples were dried in an oven at 65® 
C., and were then ground in a ball mill until the material would pass 
through a 100-mesh sieve. Duplicate samples of from 25 to 50 grams were 
taken from this large sample, covered with 80 per cent, (by volume) alde- 
hyde-free ethyl alcohol, and allowed to stand overnight. The liquid was 
decanted off and the last portion filtered through a hardened filter paper. 
The residue was dried at 105® C., coarsely pulverized, and extracted in a 
Soxhlet extractor until the percolate was colorless. The two extracts were 
united and made up to 1 liter with 80 per cent, alcohol. The residue from 
the last extraction was dried, coarsely ground, and preserved for analysis. 

Reducing sugars were determined by the Shaffer-Hartman method in a 
200-ml. aliquot of the extract. Total sugars were determined in the reduc- 
ing sugar aliquot after hydrolysis with HCl at 73® C. for ten minutes. 

Total soluble nitrogen was determined in 50-ml. aliquots of the extract, 
and total insoluble nitrogen on 1,0-gram samples of the residue by a modifi- 
cation of the Kjeldahl method. 

A 1.0-gram sample of the residue was refluxed with 5 per cent. HCl for 
four hours, and the reducing value of the solution (as glucose) was reported 
as total reserve polysaccharides. Starch was determined by incubation at 
38® C. of 2.0-gram samples of the residue suspended in 200 ml. of water 
with 0.1 gram of taka-diastase. Reducing sugars were determined on the 
solution. 

Results 

The analytical data obtained are assembled in table I and are graphically 
shown in figures 1 and 2. In explanation it should be stated that when 

415 



416 


PLANT PHYSIOLOGT 



o 



Tio. 1. Clianges in total, soluble, and insoluble nitrogen in the buds and one-year- 
old twigs of yellow poplar during the fall and winter of 1936-37. 

Fig. 2. Changes in reducing sugars, total sugars, starch, and total reserve poly- 
saccharides in the buds and one-year-old twigs of yellow poplar during the fall and win- 
ter of 1936-37. 

sample 5 (April 18) was taken, the buds were just breaking open and some 
stem elongation had occurred. Some leaves had appeared, and they were 
about a’ centimeter in breadth. 

During the period from October 16 to January 23 there was a gradual 
loss in organic nitrogen. This may be a real loss of nitrogen from the twigs 
and buds, or, more plausibly, merely the dilution of the organic nitrogen 
present by the accumulation of increasing amoSmts of reserve polysac- 
charides. The small gain in the total nitrogen shown for the period from 
March 20 to April 18 might be attributed to the movement of soluble nitrog- 
enous compounds from the older twigs and branches into the expanding 
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TABLE I 


Pebcentage composition of buds and one yeae old twigs op yellow 

POPLAR ON A DRY WEIGHT BASIS 


Fraction 



Bate 



Oct. 16 

Nov. 28 

Jan. 23 

March 20 

April 18 


% 

% 

% 

% 

% 

Soluble nitrogen 

0.96 

0.95 

0.81 

1.03 

0.31 

Insoluble nitrogen 

1.07 

1.02 

0.87 

0.56 

1.46 

Beducing sugar 

2.65 

2.73 

0.98 

1.84 

1.80 

Total sugars 

2.99 

2.81 

1.98 

2.55 

2.36 

Htarch 

3.14 

1.49 

0.41 

0.46 1 

1.34 

Total reserve poly- 
saocliarides 

14.85 

25.61 

26.89 

15.11 

19.91 


buds (3). During the period from January 23 to March 20 there was a 
conversion of much of the insoluble nitrogen into more soluble forms. In 
the period from March 20 to April 18 these soluble compounds were con- 
verted into insoluble compounds, probably proteins for the production of 
new protoplasm in the cells of the rapidly exiianding buds. 

All of the carbohydrate fractions with the exception of the total reserve 
polysaccharides seem to bo used in respiration. When the sugars and starch 
were reduced materially in amount, there was a decrease in the amount of 
total reserve polysaccharides of about 10 grams per centum, and at the same 
time there is an increase in the amount of total sugars of only 0.5 grams 
per cenUm, Since the trees were dormant at this time, any photosynthetic 
activity by the chlorophyllous tissue of the buds would not be suflElcient to 
account for any increase in dry weight which might cause such an apparent 
decrease in tlie total reserve polysaccharide content. The only tenable 
hypotheses are that some of these complex carbohydrates or derivatives of 
them were utilized in the respiratory processes of the twigs and buds, or 
that they were converted into soluble compounds which were then trans- 
ported to other portions of the plant. It is also possible, as suggested by 
O’Dwyer (4) that the hemicelluloses are intermediate compounds in the 
synthesis of lignin from the pectic compounds, and this loss of hemicellu- 
loses might then be attributable to a continuing lignification of the woody 
tissues. The utilization of the hemicelluloses as a reserve carbohydrate has 
previously been reported by Jones and Bradleb (1) in sugar maple, and 
by Murneek (2) in apple spurs. Winkler and Williams (5), however, 
were not able to demonstrate the metabolic utilization of hemicelluloses in 
shoots of grape vines dying because of repeated defoliation. The latter in- 
vestigators concluded that hemieellulose probably functions as a structural 
material and not as a reserve food material in grape shoots. In the period 
between March 20 and April 18 the small leaves extending beyond the bud 
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scales were probably active photosynthetically, as is evidenced by the forma- 
tion of starch and by increase in the amount of hemicelluloses during the 
period. 

Summary 

1. Some of the chemical changes occurring in the buds and one-year-old 
twigs of yellow poplar during the winter, and on breaking of dormancy are 
reported. 

2. There was an apparent decrease in total nitrogen. During February 
and early March much of the protein was converted into more soluble com- 
pounds which were resynthesized into insoluble forms, probably proteins 
for the production of new protoplasm in the expanding buds. 

3. All of the carbohydrates appear to be used in respiration, starch and 
the sugars most readily, and the hemicelluloses least readily, if at all. With 
the resumption of photosynthetic activity starch appears, and the hemicel- 
luloses are synthesized again. 

The writer is indebted to Dr. Paul J. Kramer for many helpful 
suggestions during the course of this study. 

Department of Botany 
Duke University 
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parts. Materials with chemically resistant characteristics minimize the 
solution of metals by the expressed fluids. The metals might prove dele- 
terious in subsequent use of these fluids. To avoid electrolytic action be- 
tween the component parts of the system, dissimilar metals (as steel and 
brass) should not be used. 

The clearance between the plunger and cylinder is of necessity small. 
The piston may increase in diameter under compression unless made from 
very hard materials. If the resistance of the steel to penetration is not 
sufficiently great and if the elastic limit is exceeded certain component parts 
of the press may become ‘‘frozen” to one another. It is essential, therefore, 
that those parts which are subject to pressure or motion, or those adjacent 
to moving parts, be fabricated from metals of likewise favorable physical 
characteristics.^ In order to reduce the hazard of the plunger becoming 
frozen to the cylinder, it is obviously necessary that the pressure be applied 
directly perpendicular to the piston and that the tissue sample be uniformly 
distributed within the press. 

The delivery spout is removable from the screw tap in the base. When 
fully inserted it should fit flush with the drilling of the base, and the end 
taper should then be in the upright position. The thickness of the base 
should be such that the delivery spout clears any object upon which the 
base is placed. 

If the piston can not be manually removed from the assembly it may be 
withdrawn with the aid of a T-rod inserted in the threaded tap in the top 
of the piston (2). If, however, the pressure is applied from above by 
means of a screw without an attached platen base, the threaded tap in the 
piston may be omitted in the construction of the plunger and a hard-metal 
cupped bearing may be inserted between the screw and the piston during 
operation. 

As shown earlier (1, 2), filters of cheese cloth or muslin enclosing the 
tissue or inserted as a disc between the sample and the sieve plate aid in the 
expression of a clear relatively non-colloidal fluid. 

In order to recover all of the available liquid expressed, we have avoided 
the insertion of a sap groove in the cylinder wall and tap hole in the sieve 
plate. The press assembly is so arranged that it may be conveniently and 
safely tipped, at the conclusion of pressing, to allow complete drainage 
of sap. 

A heavy wire ram-rod covered with cheese cloth may be employed to 
dry the delivery spout between samples. The channels in the sieve plate 
are easily cleaned of compacted tissue residue^ by reaming out with an 
ordinary paper clip or needle. All parts are dried with moderate heat 

2 8. S. chromium-nickel alloy steel 18-8*’ has been suggested as possessing favor- 

able chemical and physical characteristics. 
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and stored in a closed chamber to prevent corrosion by fumes from the 
laboratory. 

The authors are indebted to several members of the Division of Plant 
Nutrition for suggestions relative to the construction of this instrument. 
XJnivbesitv op Caupoenia 
Bxskelet, Calipoknia 
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SEED IMPRESSIONS ON PLASTIC FILMS 
Thora M. Plitt 
(with one plate) 

Microscopic details on the hard surfaces of seeds or other parts of fruits 
are frequently sufficiently characteristic to permit the accurate identifica- 
tion of related species. These taxonomic features have hitherto been largely 
neglected, however, because of the difficulty of seeing them directly under 
the microscope. The thickne^ of the fruit structures, the presence of pig- 
mentation, and the reflection of light from smooth surfaces are difficulties 
that may be overcome by making impressions of the structures on plastic 
films. This new method is an outgrowth and modification of a method of 
obtaining impressions of the surface structures of fur fibers recently devel- 
oped by Hardy and Plitt (1). 

Seeds were placed in carbitol acetate^ in a small dish for a minute or 
two. They were then removed by means of forceps and placed between two 
pieces of transparent cellulose acetate film, 0.005 inch thick and 1 inch 
square. Adequate padding to obtain clear impressions without crushing 
the seeds was built up by placing on each side of this double stratum the 
following: 4 additional strips of plastic film, one strip of sponge rubber 
(insulation stripping) approximately 0.25 inch thick, and a smooth steel 
plate. The whole stack was held together by means of a wide clamp which 
was screwed down until the rubber was compressed to f or ^ of its original 
thickness. This unit was placed for 5 minutes in an electric oven main- 
tained at approximately 90° C. Upon removal from the oven the central 
double stratum containing the seeds was taken out of the unit and allowed 
to cool and harden before removing the seeds with a brush or needle. The 
two plastic films bearing the impressions were mounted face down on glass 
slides with very narrow strips of transparent adhesive film around the 
edges. Thus the impressions are positive images of the surfaces. The im- 
pressions are best viewed through the microscope using oblique transmitted 

1 Carbitol acetate may be obtained from the Carbide and Carbon Chemical Corpora- 
tion, 30 E. 42d Street, New Tork, N. Y. 


PLATE V 

Photomicrographs of impressions (100 x) of the achenes of (1) Polygonum pmo- 
iatum, and (2) P. peraioaria; of the seeds of (3) Brcasioa juncea, and (4) B. napus; 
and of the lemmas of (6) ^oa eompressa, and (6) P. pf^tenais. Photomicrographs of 
the corresponding parts of the fruits taken directly (100 x) : (la) Polygonum punctatum, 
(2a) P. persioaria, (3a) iraasioa juncea, (5a) Poa compreaaa. Enlargements of the 
above impressions (300 x) ; (lb) Polygonum punctatum, (5b) Poa compreaaa, and (6b) 
P. pratenaia* (7) Photograph of equipment used in making impressions. 
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light, with an amber filter. The 10 x objective has considerable depth of 
focus; magnifications of 100 to 300 diameters are obtained by interchanging 
suitable oculars. 

In this procedure the purpose of placing the seeds in carbitol acetate is 
merely to use a minimum quantity of the liquid to soften the film. Varia- 
tions in the procedure for convenience may easily be introduced to suit the 
material or the equipment at hand, such as the thickness of film, thickness 
of padding, time, temperature, and manner of controlling the temperature. 

The accompanying illustrations show the microscopic details of some 
seeds or other fruit structures. These materials were furnished by the 
Section of Pood Habits of the Pish and Wildlife Service. The three sets 
of related species were selected because of their similarities and attendant 
difficulties of identification, because of their importance in food-habit 
studies, and in agricultural problems. It may be noted that unsuspected 
details are revealed by the impressions, and furthermore that the arrange- 
ment of characteristic features is visible over a greater area than by direct 
inspection of the seeds. Clear definition of fine details at higher magnifi- 
cations may be obtained by use of the impression metliod. Patterns once 
established at high magnifications are subsequently more readily recognized 
at lower magnifications. 

This method is applicable in taxonomic studies, in the determination of 
certain foods and drugs, and in the identification of difficult seeds and fruits 
in food-habit studies. Impressions may be obtained in a few minutes; 
furthermore many impressions may be made simultaneously on one set of 
films. 

U. S. Department or the Interior 
Washington, D, C. 
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COMPARATIVE TRANSMISSION SPECTROGRAMS OP DIFFERr- 
ENT CONCENTRATIONS OP LEAF EXTRACT 

Lewis W. Webb, Je, and Frederick F. Ferguson 
(with three figures) 

This study continues the work upon the physical properties of leaf ex- 
tracts and is a preliminary effort to show the effects of increased dilution of 
an alcoholic solution of leaf green. Ferguson, De Loach, and Webb (loc. 
cit., p. 560, fig. 2) have indicated that dilution of the ethyl alcohol stock 
solution produces changes in the transmission spectrogram giving an 
increase in both transmission and absorption regions. 

The stock solution used in this study was prepared in the following man- 
ner: methyl alcohol (100 ml.) was added to selected fresh green leaves of 
Poa pratensis (3 gm.) and the resulting mixture was heated for 20 min. on a 
water bath under a reflux condenser. The rather dark green alcohol solution 
was then decanted. This stock solution considered as 100 per cent, (curve 
no. 1, fig. 1) was then diluted with methyl alcohol giving these percentages; 
50 per cent, (curve no. 2), 25 per cent, (curve no. 3), 10 per cent, (curve no. 
4), and 1 per cent, (curve no. 5). The Coleman Regional Spectrophotometer 
was used to obtain all graphs in the study. The points recorded in each 
curve represent the average transmission of bands 30 m\x in width. 

It may be noted that the form of the curve of transmission of an ethyl 
alcohol solution of leaf extract is essentially the same as that given by the 
stock solution (curve no. 1) of this study. There is a tendency to adhere to 
this characteristic form as shown by the five curves of figure 1. There is 
relatively little transmission in the region of 350 m|j to 450 m^i in solutions of 
100 per cent., 50 per cent., and 25 per cent. Transmission in this area in- 
creases sharply in the 10 per cent, solution which displays a marked inclina- 
tion at ca. 430 mp. Curve no. 5 shows a relatively higher percentage of trans- 
mission for the region of ca. 350 m^i to 450 mpi than do the other curves. As 
is expected, the transmission peak at ca, 520 mpi increases as the solution 
is diluted. Curve no. 5 yielded by the 1 per cent, dilution, which was so 
weak as to be visually indistinguishable from methyl alcohol, still maintains 
some semblance of this peak. As dilution increases the characteristic ‘‘ab- 
sorption band’^ as shown by the sharp inclination at ca, 660 m^j becomes less 
accentuated. Curve no. 5 retains but small evidence of this major feature. 
All curves agree in their sharp inclination at ca, 660 mjj and in the leveling 
off in the infra-red. 

The minimum transmission of 0.4 per cent, appears at ca, 360 mp (curve 
no. 1) while the maximum transmission of 99.6 per cent, appears at ca, 740 
m\} (curve no. 4). The spectral range extends from 360 mp to 950 mp. 

In analyzing the comparative graphs shown in figure 1, the peak, at ca. 
530 m^j, was explained. It was found that the rate at which the transmis- 
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Fia. 1. Comparative graphs showing effects of dilution upon the transmission spec- 
trograms of alcoholic leaf extracts. 

sion increases in respect to the decrease in concentration of the solution 
follows a well defined exponential equation. 

Equation no. 1 

where : T = percentage of transmission 
T = 99,65 e-°®^ ^ D = percentage of concentration 

e = Naperion base 

The following figure represents this graphically : 



Fiq, 2. Graph showing increase in transmission with decrease in concentration of a 
solution of alcoholic leaf extract for ea, 530-mfi wave band. 
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The trough of the graphs of figure 1, at ca. 660 mp, was also studied. It 
was ascertained that the rate at which transmission increases in respect to 
the decrease in concentration follows a hyperbolic equation. 

Equation no. 2 

(d + 8.6) (T + 7.3) = C = 926 T = percentage of transmission 

where : D = percentage of concentration 
C = constant 

The following figure shows this relation graphically : 



Fig. 3. Graph showing increase in transmission wdth decrease in concentration of a 
solution of alcoholic leaf extract for ca. 660-mji wave band. 

Further comparative studies on the effect of dilution upon leaf extracts 
are considered by the authors. 

College or William and Mary — Virginia Polytechnic Institute 
Norfolk Division and 
U.S.P.H.S. Craney Island Laboratory 
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NOTES 


Southern Section. — The second annual meeting of the Southern Sec- 
tion of the American Society of Plant Physiologists was held at Atlanta, 
Georgia, on February 5 and 6, 1941, with the Association of Southern Agri- 
cultural Workers. The 1942 meeting will be held in Memphis, Tennessee. 
The attendance was very gratifying, for the increase over the first meeting 
in 1940 was over 300 per cent. Forty-five were present, there were three 
sessions instead of one, and 23 papers were read. Membership has more 
than sextupled during the year, as there are now about 75 members. 

These signs of vigor and responsiveness of the southern scientific men 
to their opportunities are encouraging to the officers who have been respon- 
sible for the early steps of this growing organization. The prospects are 
that the section will grow and aid in a most energetic expansion of research 
in the South, which is now ready to move forward as the most rapidly devel- 
oping region in the United States. 

A high spot in the program at Atlanta was a round table discussion 
arranged by Dr, I. E. Miles, of Raleigh, North Carolina, on ^‘The General 
Aspects of Plant Nutrition. The theoretical aspects were discussed by Dr. 
J. R. Jackson, Auburn, Alabama ; the general application of these problems 
in agriculture by Dr. L. D. Baver, Raleigh, N. C. ; the application to horti- 
culture, by Dr. E. M. Emmert, Lexington, Kentucky; and the commercial 
aspects, by Mr. Sam F, Thornton, Norfolk, Virginia. 

Officers for 1941-1942 were elected as follows : Dr. L. H. Flint, Baton 
Rouge, Louisiana, Chairman; Mr. Sam F. Thornton, Norfolk, Virginia, 
Vice-Chairman ; Dr. C F. Moreland, Baton Rouge, Louisiana, Secretary- 
Treasurer. 

The section (*an now look forward to ever-increasing influence in the 
development of research in a potentially rich agricultural region. 

New England Section. — The New England Section has deferred its 
customary May meeting in order to join with the parent society which holds 
its summer meeting this year at the University of New Hampshire, Durham, 
N. H., June 25-26, 1941. This institution is celebrating the seventy-fifth 
anniversary of its founding, and is anxious to extend its hospitality to plant 
scientists. June is a pleasant month in New England ; college classes will 
be over; plan to meet your friends in Durham, and relax in the Granite 
State. Information about the meetings, and accommodations for visitors 
may be obtained from Dr. T. G. Phillips, the University of New Hampshire, 
Durham, New Hampshire. It is hoped that there may be a large group of 
visitors from outside regions v/ho desire to know their New England col- 
leagues better, and to see their fine facilities for research. 
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Western Section. — The Western Section will hold its annual meeting 
for 1941 with the Pacific Division of the A. A. A. S. at the California Insti- 
tute of Technology, Pasadena, California, from June 16 to June 21. Sched- 
uled are symposia on Nutrition (chairman Dr. D. R. Hoagland) ; Plant 
Hormones (chairman Dr. F. W. Went) ; Protoplasm (chairman Dr. O. L. 
Sponsler). These symposia are invitational programs, and will be held 
jointly with other societies. An excursion to the Rancho Santa Ana Botanic 
Garden, and another to the U. S. Regional Salinity Laboratory at Riverside, 
California, have been planned. Approximately three and one-half days 
have been set aside for submitted papers. Titles should reach Dr. J. van 
OvEBBEEK, secretary of the Western Section (California Institute of Tech- 
nology, Pasadena), not later than the end of April. 

Jethro Tull Portrait. — ^It is a great pleasure to present our readers 
with the fine portrait of Jethro Tull in this number of Plant Physiology. 
It was printed fifty years ago by the Royal Agricultural Society of England. 
It was made from a contemporary painting which at that time, 1891, was in 
the possession of Mr. Martin J. Sutton. The painting has had an interest- 
ing history. It was possibly painted by Allan Ramsay, a contemporary 
painter who knew of Tull and his work. It was owned a century ago by 
Mr. John Richards, of Camden House, Reading. In 1840, at the time Mr. 
Richards died, the portrait was purchased by Mr. John Snare, of Reading; 
in turn his widow sold the portrait to Mr. Sutton, who has preserved it in 
the public interest. Speaking of this portrait, Earl Cathcart describes it 
in the following words: Fancy him at the age of fifty-six . . . arrayed in 
his best ruffled velvet coat and full-bottomed wig ; and having dined well, 
he is depicted as demonstrating, with index finger extended and self-satisfied 
expression, the excellences of some excellent part of his agricultural system 
— a charming discourse, spiced no doubt with humor, and delivered with 
the ease of a scholarly gentleman, together with the dignity of an intuitive 
philosopher. ’’ This seems to be a very good interpretation of the portrait, 
and one can almost hear Tull discussing his hoeing husbandry, with per- 
suasive and authoritative emphasis. 

Errata. — ^Attention has been called to some errors in the issues of 1940, 
and we are glad to report these to our members, with thanks to those who 
discovered and reported them. Please note the following: 

P. 468, line 2, for * * El'jfonurua,* * read Elymua. 

P. 484, citation 9, for **Elyonur%i8/^ read Elym^, 

P. 545, citation 3, for 93:, read 68:. 

P. 719, line 9 from bottom, for read (7). 

P. 719, line 2 from bottom, for ** (?)’'> read (6). 

P. 720, Rrst paragraph on preparation of reagents, read as follows : Fehling ’s solu> 
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tion A was prepared according to Munson and Walker (3) ; solution B was 
prepared according to the modification proposed by Quisunbing and Thomas 
( 6) as follows: 

P, 124, line 6, for ‘‘precipitate with,’^ read precipitate. With 

P. 724, line 7, for “bottle add,*' read bottle, break np the precipitate, centrifuge, 
and decant excess wash water. Add 

P, 725, citation 3, for “Thomas," read Walker. 

P. 773, line 3 from bottom, for “English," read French. 

Fellowship for Women, — The announcement of a new fellowship for 
women, offered by Sigma Delta Epsilon, Graduate Women Scientific 
Fraternity, reached us too late to be announced in the January number of 
Plant Physiology. As the award would be made before this announce- 
ment could reach our members, it is mentioned now mainly to draw the 
attention of our members to this enlightened and courageous undertaking 
by Sigma Delta Epsilon. This splendid organization is celebrating its 20th 
anniversary, and is saying it by thinking of others, perhaps in memory of 
their own struggles to obtain adequate opportunities for research after the 
Ph.D. degree had been obtained. 

The completion of this project under Dr. Lois Lampe, of Ohio State Uni- 
versity, National President in 1940, is followed by consummation under the 
I)residency of Dr. Dorothy Day, of Smith College, National President in 
1941. The stipend mentioned in the announcement is $1000 to $1500. The 
holder must have the equivalent of the Ph.D. degree, and pursue research 
either in mathematical, physical, or biological science. She must devote her 
entire time to the approved research project, or obtain written approval of 
the Board for any deviation from this obligation. 

Sigma Delta Epsilon is the only women’s organization affiliated with the 
A. A. A. S., and is represented by 14 chapters, with about 2500 members. 
The organization has a right to be proud of its accomplishments, and is 
setting a challenging example of unselfish devotion to science, and to the 
welfare of women in research. They deserve hearty congratulations and 
commendation for their efforts. 

Photosynthesis. — It is 15 years since a monograph on photosynthesis 
has appeared. During this long period much progress has been made, 
especially in the chemical study of chlorophyll, methods of analysis, and 
physical -chemical approaches to the problems of carbohydrate synthesis by 
plants. We are now presented with a monograph by E. C. C. Baly, Emeri- 
tus Professor of Chemistry in the University of Liverpool. It bears the 
simple title Photosynthesis, and is published by D. Van Nostrand Co., 250 
Fourth Ave., New York. The work records Professor Baly’s experiences 
and deductions from a long series of studies involving concepts of ph 3 rBical 
chemistry. It deserves, and will no doubt receive, critical examination by 
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all workers engaged in this field. Baly claims to have brought about a 
genuine photosynthesis in vitro^ and there has been some criticism of his 
methods and deductions while his papers were appearing. In this welcome 
volume we now have a full and mature statement of his views, based upon 
his researches over a long period of years. Naturally it raises the whole 
question of whether one could assume, even if in vitro synthesis were accom- 
plished, that it shed any light upon the naturally occurring processes in 
leaves. 

There are eight chapters, with titles as follows : Photosynthesis and the 
difficidties of its interpretation; the action of ultra-violet light on aqueous 
solutions of carbon dioxide; the polymerization of formaldehyde into glu- 
cose ; the photosynthesis of carbohydrates by the action of light on hydrated 
carbon dioxide adsorbed on a surface; the final achievement of photosyn- 
thesis of carbohydrates; the assimilation of nitrogen by the living plant; 
the mechanism of photosynthesis ; and the kinetics of photosynthesis. There 
are brief author and subject indices. 

It is written in very readable style, and should stimulate others to work 
on these phases of the synthetic processes. It is gratifying to have this 
summation of Professor Balyas life work, all brought together in a compact 
statement, where it can be viewed as a whole. Plant physiologists will want 
to read it carefully and thoughtfully. It is a work of 248 pages, with 24 
illustrations, and may be obtained from the publishers at $4.25 per copy. 

Enzyme Research. — ^Lieferung 5 of this monumental work, Die Meth- 
oden der Fermentforschung, has been received from the press of Georg 
Thieme, Leipzig. It contains 560 pages, and the “Auslands^’ price for this 
number is R.M. 42. Its contents may be briefly summarized, as follows: 
Active enzyme preparations from algae, yeasts, and molds; from lower 
animals, particularly the one-cell ed animals, and from both animal and plant 
tissues. 

The monograph then takes up the isolation and characterization of lyo- 
and desmo-enzymes ; general procedures for concentrating enzymes and for 
their separation from one another ; and the determination of certain general 
properties of enzymes. These include the splitting of enzymes into their 
components; direct and indirect proof of the presence of certain atomic 
groups in enzjmes ; and the afiinities of enzymes for their substrates, reac- 
tion products, and other substances. 

An appendix to part I, which is concluded here, deals with the effects of 
radiations on enzymes, and enzyme reactions^ in heavy water. 

The second major division of the work (Zweiter Hauptteil: Spezieller 
Teil) begins on page 1547. It takes up first the hydrolases, which include 
the following : Lipases, chcdinesterase, tannase, chlorophyllase, phosphatases 
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(both plant and animal), phytase, lecithase, and sulphatases. The stereo- 
chemical specificity of ester-splitting enzymes, and the synthesizing effects 
of ester-splitting enzymes come in for treatment at the close of the hydro- 
lases of the esterase type. 

The last portion of Lieferung 5 takes up the carbohydrases. There is a 
general treatment of these, then saecharase and invertin, maltase, b-gluco- 
sidase, galactosidases, trehalase, digilanidase and other specific glucosidases, 
heteroglucosidases, glucuronidase, and thioglucosidases (myrosin group) 
complete the 5th Lieferung. 

This brings the total work to page 1836, about half of it, or possibly 
more than half. Bamann and Myeback are making a great contribution 
to science in providing such a source book of information. Enzyme workers 
of the world will owe them a debt of gratitude for bringing out this excel- 
lent compendium on enz>Tne research. 

Mineral Deficiencies. — Plants are now known to exhibit symptoms of 
mineral deficiencies in widely scattered areas throughout the United States. 
While the symptoms are more frequently observed in regions of loose soils 
and heavy rainfall such as the coastal plains, almost any region may show 
deficiencies of elements needed in mere traces. It has become necessary for 
the physiologist to recognize these symptoms at sight, and to be on the look- 
out for them everywhere. The prompt recognition of specific responses to 
specific deficiencies is important, and any helps toward this end are impor- 
tant. Under the title: If They Could Speak, the Chilean Nitrate Educa- 
tional Bureau, Mr. Herbert C. Brewer, Director, 120 Broadway, New York, 
has issued a booklet with many color reproductions of plant mineral defi- 
ciency symptoms. They were made from Kodachrome transparencies, and 
truly, the plants speak for themselves. There are 95 reproductions, two 
per page with one on the front cover, and they carry brief explanatory 
legends. The deficiencies illustrated concern magnesium, boron, manga- 
nese, copper, zinc, iron, potash, calcium, and nitrogen. About 35 crops are 
included in the survey, each showing one or more deficiency diseases. Some 
of the more important crops are cotton, corn, oats, tobacco, apples, citrus 
fruits, soy beans, tomatoes, cabbage, cauliflower, celery, etc. 

This excellent educational booklet, 54 pages, can be obtained free on 
request from the director of the Bureau. It should be in the hands of every 
plant physiologist. Mr. Brewer would also like to obtain additional por- 
traits that would extend the range of crops or minerals, and any suggestions 
from those with first hand experience with deficiencies will be appreciated. 

Creneral Botany. — We have received from Barnes and Noble Inc., 5th 
Ave. and 18th St., New York, a copy of An Outline of General Botany by 
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Hajbbt J. PtJLLEB, of the University of Illinois. This is one of the College 
Outline Series, published by Barnes and Noble, contains 180 pages, 49 text 
figures, and an index. It retails for 75 cents, with discounts on class supply 
orders. It offers a rapid survey of the main facts of general botany, and 
the generalizations which have been achieved in this field. It is a very help- 
ful aid for private study. 
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SIGNIFICANT ROLES OP TRACE ELEMENTS IN THE 
NUTRITION OP PLANTS^* 2 

John W. Shive 

Duriiijr the past quarter of a century much has been written concerniiif? 
the place of the so-called trace elements in the economy of plant life. Most 
of this literature deals with the effects produced upon plants when these 
elements are absent from the growth substrate and is purely descriptive in 
nature, portraying the symptoms of deficiency. There is also, in the physi- 
ological literature of the past decade and a half, much descriptive material 
portraying the pathological symptoms which appear in plants when these 
elements occur in the plant environment in concentrations in excess of those 
required for growth and development. Thus far these qualitative observa- 
tions make up practically all of the great mass of the investigational litera- 
ture 111)011 this subject. So much of this foundation in natural fact has 
already been accomplished, that intensive activity along this line of cate- 
gorical description can no longer be considered an adequate field of investi- 
gation ill this particular phase of plant nutrition. It should be remembered, 
however, that the extension of our knowledge in this phase of nutrition can- 
not progress without at least some continued activity along these descriptive 
lines ; but our chief interest is no longer in the qualitative pathological symp- 
toms themselves, which develop as the result of trace element malnutrition, 
but ill their relation to those more basic phenomena which can be evaluated 
only through careful quantitative experimental investigation. Prom almost 
the beginning of the present century studies have been directed toward 
ascertaining Avhether or not certain elements, which are found in trace quan- 
tities in both the plant and in its environment, might be included in the 
category of essential factors for growth and development. There is much 
contradictory evidence, as might be expected, relative to this question, which 
1 Journal aeries paper of the New Jersey Agricultural Experiment Station, Depart- 
ment of Plant Physiology. 

Tlie sixth Stephen Hales address, read before the American Society of Plant 
Physiologists nt Philadelphia, December 30, 1940. 
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is an important one* The energetic searcl##br such elements which began 
early in the century is still in progress. been in the past a profitable 

field of investigation and it is iyredicta J|P^ jSit it will provide an equally 
profitable field of study in the future^BHfeciability of experimenters to 
grow plants successfully through a conq^^Bfcle in artificial culture, in 
the early years of the present century, hSHH^^earch for missing essen- 
tial factors. The usual experimental tecffl^|fflPI|ilietf had long been em- 
ployed in solution culture and in sand cultui^^aS too crude, however, and 
the materials used were too unrefined to disclose the need of specific elements 
required in minute quantitiei^^ nutrient substrates for plants. 

Search for the missing factors, therefore, led to great improvements in 
experimental techniques. Great strides have been made in the refinement 
of methods and in the purification of nutritive materials for accurate study 
in the endeavor to demonstrate the need of ‘these elements in the nutrient 
substrate and to prove their essentiality. ^ Through this refinement of tech- 
nique, improvement in the methods of operation, and purification of nutri- 
tive material, it is now possible to add to the previous list of essential ele- 
ments for plants boron, manganese, zinc, and copper. Undoubtedly other 
elements \^ill be added to this list with still further purification of chemical 
materials and further refinements of physical equipment and methods of 
procedure. The degree of refinement at present attainable, however, im- 
poses a rigid limitation upon experimental accuracy and this is particularly 
true with respect to the analytical data from quantitative studies in the field 
of trace element nutrition. The suggestion has recently been made that an 
element may not be regarded as non-essential if it is present in a nutrient 
substrate in concentrations greater than one part in a billion (10). Such 
a degree of purity may not be attainable at the present time. It is this 
point, as well as that relating to the absolute importance of the trace ele- 
ments in nutrient substrates, which has recently been so strongly emphasized 
in connection with the development and refinement of methods for growing 
isolated plant tissues in vitro (12, 13). It appears that the degree of purity 
and the stafe of refinement are determining factors in any attempt to estab- 
lish proof of the essentiality of a given element which is present in the plant 
environment in very minute concentration. It is not so simple a matter to 
differentiate between that which merely stimulates growth and that wdiich 
is essential for growth. The fact that the presence of a minute trace of a 
given element in a nutrient substrate may stimulate growth of the plant does 
not constitute proof of essentiality, nor does failure to stimulate constitute 
proof that an element is not essential. Ife order to provide proof of the 
essentiality of a given element it is necessary to show that a plant cannot 
complete its cycle in the absence of a measurable concentration of the element 
in question. 
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In order to obtain qnantitn^ive information concerning the place which 
the trace elements occupy imthtoutrition of plants and the rdles which they 
play in metabolic processes, elipi^te precautions must be taken to eliminate 
all possible sources of <^onti 9 ||j|||^^ derived from the experimental set-up, 
and careful attention mu&U^KSfm to such matters as the purity of salts, 
distilled water, and cleanlg i l B Itf the apparatus involved. These precau- 
tions are indispensablil IlM^lijectives of quantitative research in this field 
are to be attained. With "the discoveries made during recent years, and 
with the refinement of the experimental method, it has now become a simple 
procedure to demonstrate the effect of defiditeioies of boron, manganese, and 
zinc with many species of plants under the conditions of control which char- 
acterize the usual routine of solution culture experimentation. 

While superficial descriptions relating to the effects of trace element 
deficiencies upon the various species continue to accumulate, as is to be 
expected, it is most encouraging and even inspiring, that a pronounced 
change toward the more quantitative type of investigation has been in prog- 
ress during the past several years and some very important quantitative 
work dealing with trace element nutrition has appeared in the literature 
(2, 5, 7, 8). Difficult as it has been to demonstrate beyond a doubt that 
boron, manganese, and other trace elements are essential for plants, it may, 
however, be infinitely more difficult to prove why they are essential. But the 
present status of trace element nutrition in plants makes it unnecessary to 
dwell upon either the economic or the theoretical importance of the elements 
required by plants in only very minute amounts. The economic importance 
of these elements is obvious in view of the host of plant diseases, many of 
which are very destructive, which have been traced either directly or indi- 
rectly to deficiency or excess of one or more of these elements in the soils of 
many agricultural districts. It is to be emphasized also that not one of the 
many problems relating to the important roles which these elements play in 
the metabolic processes of plants, has vet completely emerged from the theo- 
retical category to take its place in the realm of fact established through 
experimental study. The importance of theoretical consideration of such 
pi^oblems is, therefore, apparent. 

It has early been pointed out by several investigators that the pathologi- 
cal symptoms produced in plants by boron deficiency are remarkably similar 
to those produced by calcium deficiency under like experimental conditions. 
The similarity has been recognized in virtually all of the species thus far 
studied. This has suggested the possibility that boron is in some mysterious 
manner involved in those processes in the plant in which calcium is a direct 
reactant. This suggestion is supported by the well-known fact that both 
boron and calcium are especially effective in the intensive metabolic processes 
which are confined largely to the meristematic regions, and recent inve^iga- 



438 


PLANT PHYSIOLOQT 


tions have shown also an intensive utilization of boron by the reproductive 
organs of the plant ( 6 )- i* 

Attention will now be directed to the consideration of quantitative ex- 
perimental evidence relating to an importaaal r61e which boron plays in the 
accumulation, assimilation, and metabolism of calcium in several species 
widely separated in their morphological, physiological, and taxonomic char- 
acteristics. But, before presenting this evidence it will be necessary to 
describe very briefly, the experimental procedure by which these data were 
obtained. Relatively large numbers of plants of each species dealt with 
were grown in a standard culture medium until they had attained the age 
and phase of growth and development desired before the experimental treat- 
ments were begun. At the beginning of the treatment period the cultures 
were divided into three groups or series: The cultures of the flrst series 
covered a range of boron concentrations in the standard nutrient substrate 
which, by previous tests, was known to produce visible symptoms of defi- 
ciency in the species in question. The cultures of the second series covered 
a range of approximately optimum boron concentrations ; and the cultures 
of the third series covered a range of boron concentrations sufficiently high 
to produce symptoms of toxicity in the plants of the species in question. 
With the exception of the boron treatments the nutrient substrate used in 
the cultures of the three series was identical. For the sake of convenience 
the three series may be designated the deficiency series, the optimum series, 
and the toxicity series, respectively. In all cases the experimental period, 
during which the cultures were under treatment, was continued until pro- 
nounced visible symptoms of boron deficiency appeared in the plants of the 
deficiency series, and of boron toxicity in the plants of the toxicity series. 
This required different intervals of time for the different species. The cul- 
tures were conducted under a system of continuous flow of the culture solu- 
tion at a rate sufficiently high to prevent material alteration in the propor- 
tions of nutrient ions through the activity of the plants. 

At the end of the experimental interval the various tissues of the plants 
were analyzed for calcium and for boron and an attempt was made to differ- 
entiate between total and soluble or active quantities of the elements in the 
tissues tested, in the hope that such a procedure might throw some light 
upon the connection between these two elements in the metabolic activity of 
the plants. While the experimental evidence reveals absolutely no informa- 
tion concerning the actual physiological function of either boron or calcium 
in the plant, it does indicate at least one important role which the trace ele- 
ment boron plays in the functional processes of the major element calcium. 

From a consideration of the experimental data (7) it became immediately 
obvious that the boron in the tissues of the particular species in question 
(corn) was virtually in a completely soluble state and could therefore be 
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assumed to be in a mobile, active condition. It was obvious also that its 
accumulation in the tissues was determined by its concentration in the 
nutrient substrate. When now the experimental data relating to boron were 
examined in connection with corresponding data representing the status of 
calcium in the plant, the outstanding feature which was at once apparent 
was the almost perfect correlation between the boron of the tissues and the 
soluble or active calcium of the tissues. On the other hand, there was no 
apparent relation between the boron content and total calcium in the tissues 
of this monoeot, and there was no obvious relation between soluble and total 
calcium in tissues of these plants. It must be concluded, therefore, that the 
proportional part of the total calcium in the plant which was maintained 
in the soluble, active state in which it could be translocated from points of 
supply to centers of metabolic activity, was determined not by the total 
calcium content of the plant but by the supply of available boron in the 
corresponding tissues which in turn was determined by the boron concentra- 
tion of the nutrient substrate. This peculiar property of boron by which 
calcium is rendered mobile and active is not confined to organic substrates. 
The principle involved is effectively utilized in certain industrial procedures 
to eliminate calcium in the soluble form from complex inorganic (3), as well 
as organic (1, 4) systems in which it occurs as an impurity during the 
process of large-scale preparation and manufacture of certain important 
commercial products. 

The (‘orresponding analytical data of a representative dicot, Vida faha, 
were next considered. W^hen these were treated in a manner similar to 
those of the monocot, corn, it was found that a relatively small fraction of 
the total boron in this dicot was soluble and in this respect the dicot was 
strikingly different from the monocot. But the soluble boron fraction of the 
dicot, like that of the monocot, was directly related to the total boron content 
of the tissues and also to the concentrations of this element in the nutrient 
substrate. 

In the dicot, Vida faha, the soluble calcium, as in the monocot, was di- 
rectly related to and determined by the soluble boron fraction, which in turn 
was related to the total boron content and determined by the concentration 
of this element in the nutrient substrate. There was no direct relation be- 
tween soluble and total calcium either in the monocot or in the dicot, but 
in the toxic range of boron concentrations of the substrate the accumula- 
tion of calcium was impeded, and this was directly associated with a corre- 
sponding retardation of the actual rates of calcium absorption and of the 
rates of growth. 

One of the characteristic differences between the monocot and the dicot 
relative to this particular phase of inorganic nutrition was the fact that 
under identical experimental conditions with respect to the chemical and* 
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physical properties of the nutrient substrate, the total calcium content and 
the total boron content were always much higher in the dicot than they were 
in the monoeot. At present there is no adequate explanation for this fairly 
general phenomenon. In all of the species so far investigated the calcium 
and boron values for the dicot are usually much higher than those for the 
monocot. But this did not hold for the soluble fractions of these elements 
ill the tissues of the plants. The soluble fraction of boron relative to the 
total was always much lower in the dicot than in the monocot and this in- 
variably resulted in a low fraction of soluble calcium, relative to the total. 


TABLE I 

Average soluble boron and average soluble calcium, percentage op total, present 

IN THE TISSUES OP MONOCOTS AND DICOTS 



Monooots 

Dicots 

KANGE op SUPPLY 

Soluble 

Soluble 

Soluble 

Soluble 


BORON 

calcium 

BORON 

calcium 


% 

% 

% 

% 

Deficiency boron range 

62.7 

28.3 

6.5 

16.5 

Optimum boron range 

78.4 

34.7 

28.7 i 

22.9 

Toxicity boron range 

86.1 ! 

55.7 

32.2 

25.4 


This is clearly brought out in table T showing percentages dealing with 
relative solubilities of the two elements in representative species of the two 
groups of plants, monocots and dicots, so important in general agriculture. 
A consideration of these data provides an explanation for the well-known 
fact that the boron requirement of the monocot for normal growth and 
development is very much lower than is that of the dieot but equally essen- 
tial for both, and it accounts also for the frequent appearance in the litera- 
ture of statements to the effect that boron is not essential for growth and 
development of the agricultural monocots such as oats, wheat, and some 
grasses: The optimum boron requirements of the dicots thus far investi- 
gated were from five to ten times as high as those of the monocot, but this 
is only a rough estimate, since it is extremely difficult to evaluate accurately, 
in terms of growth criteria, the effective concentrations of boron in the ex- 
tremely low ranges required by the monocots. 

In the course of these investigations it was shown frequently that if at 
any. stage in the cycle of these experimental plants the boron was excluded 
from the nutrient substrate so that a defici^i^acy of active boron occurred 
within the plant, such deficiency rapidly destroyed the potential metabolic 
possibilities of the calcium even when calcium was present in adequate con- 
centrations both in the tissues and in the substrate. Under such conditions 
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the plant quickly manifested deficiency symptoms. Were they boron defi- 
ciency symptoms or were they calcium deficiency symptoms? Who knows, 
since a deficiency of available boron in the tissues was directly associated 
with an inadequate supply of active calcium, and since the symptoms pro- 
duced by an apparent deficiency of one element were identical with those 
produced by a deficiency of the other? If, on the other hand, boron was 
maintained in adequate concentration and calcium was excluded from the 
nutrient substrate at any stage in the growth cycle, calcium deficiency symp- 
toms did not manifcvst themselves until the calcium previously acquired by 
the plant became inadequate in quantity to maintain the normal growth 
status of the plant. This required a relatively long period of time, since in 
the presence of an adequate supply of active boron the calcium already in 
the plant functioned quite effectively. 

There is considerable experimental evidence to indicate that boron is a 
vital factor in the processes involved in organic syntheses. During the 
course of microcheniical investigations of the terminal meristematic tissues 
of both monocots and dicots, it was discovered incidentally through the use 
of methods of staining, that striking differences occurred in both the pectin 
content and the fat content of the cells of the tissues from plants grown in 
the deficient, the optimum, and the toxic boron concentration ranges. An 
attempt was then made to determine qualitatively and roughly by quantita- 
tive methods whether the differences observed might in any w^ay be related 
to the effective boron concentrations in the nutrient substrate and in the 
tissues. It is interesting and perhaps important that plants grown within 
the range of deficient boron concentration yielded strong positive tests for 
pectins and negative tests for fats. Plants grown within the range of toxic 
boron concentrations always yielded negative tests for pectins and strong 
positive tests for fats. Plants grown in the range of optimum boron con- 
centrations always showed the presence of both pectins and fats. It must 
be strongly emphasized that these observations and tests are merely sug- 
gestive and will require confirmation by repeated cheeks and tests making 
use of much more exact methods of quantitative analj’^ses than those em- 
ployed in these preliminary investigations which strongly suggest that boron 
plays an important indirect role in carbohydrate synthesis and fat metabo- 
lism. In such a role its effects can not be direct but its influence is made 
effective through other factors in some such manner as has already been dis- 
cussed, and these factors may be inorganic in nature, such as calcium in- 
volved in the mechanisms of organic synthesis. This becomes understand- 
able in view of the fact that in green plants with high concentrations of 
active calcium, carbohydrate synthesis may give way to the formation of 
fats and fatty substances (9). Further experimental evidence also suggests 
that boron may play similar indirect roles in certain metabolic processes in- 



442 


PLANT PHYSIOLOGY 


volving the cations and perhaps the anions of major elements other than 
calcium (11), but this evidence is too fragmentary and inadequate for broad 
generalization. 

There is another important phase of trace element nutrition which in- 
volves the activity of the two elements iron and manganese. That these two 
element)^ are intimately interdependent in their effects upon the plant, and 
that the nature of the activities of one of these is determined by the pro- 
portionate presence of the other, can no longer be doubted. Such interre- 
lationships between these two elements, relative to their active influence in 
the metabolic system of the plant, have been suggested by many investigators. 
These suggestions have usually been associated with the fact that symptoms 
of chlorosis, and other characteristic effects resulting from deficiency or 
excess of one of these elements, are either identical with or reciprocally 
related to each other. 

The theoretical explanation of the role which manganese plays in the 
metabolic processes, in which iron also assumes an important role, revolves 
around two facts : first, that the active, functional iron in the tissues is in 
the reduced state, that is, in the ferrous condition; and, second, that the 
oxidizing potential of manganese is higher than that of iron. If iron in 
the ferric state is absorbed by the plant, much of it is immediately reduced 
to the ferrous form under the powerful reducing systems in the cell, unless 
it is restrained by some counterreactant. If such a reactant is not present, 
or is present only in deficient quantity, a very low concentration of iron in 
the active state may become a powerful toxic agent resulting in a type of 
chlorosis which is readily recognizable as an iron toxicity symptom, or it 
might with equal correctness be designated as a manganese deficiency symp- 
tom. If, however, a strong oxidizing agent with an oxidizing potential con- 
siderably higher than that of iron is present in adequate concentration, the 
reduction of iron is restrained, or if iron is already present in the reduced 
state, it may be oxidized to the ferric state, in which condition it may be 
precipitated, probably in the form of ferric organic complexes. Manganese 
is the element which possesses the chemical characteristics necessary for such 
a theoretical system, and there is little doubt that it reacts with iron in the 
plant in accordance with the chemical principles suggested and in some such 
manner as is here described, but the sequence of events and the details of the 
exact processes involved are utterly complex and not at all understood. 

Assuming that such a dynamic relationship exists in the plant between 
iron and manganese, it then becomes evident that so long as a supply of iron 
and manganese is available in the nutrient subMrate a dynamic equilibrium 
system involving both oxidized and reduced ions of both iron and manganese 
must be maintained. Theoretically, however, complete oxidation or com- 
plete reduction cannot be attained in such a system so long as a supply of 
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these elements is available in the nutrient substrate and absorbed by the 
plant ; but the oxidation of ferrous ions to ferric ions and accordingly the 
precipitation of iron in the form of ferric organic complexes is determined 
by the relative quantity of manganic ions present in the system. Thus, 
when the relative proportion of manganic ions in the plant is high, the active 
ferrous ions are maintained at a proportionately low level through this 
process of oxidation reduction. But when the relative proportion of man- 
ganic ions is low, the active iron, which is capable of functioning in the 
metabolic processes, is maintained at a proportionately high level. When 
these active ferrous ions become excessive in the tissues through a shift in 
the dynamic equilibrium system in their direction because of a proportion- 
ately low supply of manganese in the nutrient substrate, the plant will 
manifest this excessive iron activity by the development of toxicity symp- 
toms. On the other hand, when the equilibrium is shifted in the opposite 
direction, as it is with relatively high manganese in the substrate, so that a 
deficiency of active iron results, the plant will manifest this by the develop- 
ment of symptoms associated with iron deficiency. These symptoms might 
with equal correctness be designated as manganese toxicity symptoms. 

These processes have been followed analytically both with plant materials 
and in inorganic systems and the several steps described have been experi- 
mentally verified. Their effects upon the plant can readily be demonstrated 
and this has been done in the following manner : Three series of cultures were 
grown in a standard culture solution. In each series of cultures the iron 
supply was maintained at a constant level. This was very low in one series, 
approximately optimal in the second, and high in the third. In each series 
the manganese concentration range extended from very low to very high 
concentrations so that in one direction the only variable factor was that of 
iron concentration and in the other direction the only variable factor was 
that of manganese concentration. 

Inspection of the analytical data from these series of cultures brings out 
the fact that a shift from low to high iron in the substrate causes a corre- 
sponding shift in the concentration of manganese required to produce good 
growth of the plants, free from symptoms of toxicity or deficiency. In 
other words, when iron is low in the substrate good growth is obtained only 
when manganese is correspondingly low, and when iron is high in the sub- 
strate good growth is obtained only when manganese is correspondingly high. 
The data further show that good growth can be obtained with a relatively 
wide range of iron concentrations in the nutrient substrate but only when 
accompanied by a corresponding range in the concentrations of manganese. 
This demonstrates the importance of maintaining in the nutrient substrate 
the proper ratio of iron to manganese, which has a value of approximately 
two (2) for the species investigated although good growth may be obtained 
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within a limited range of values for this ratio. It demonstrates also, that, 
within certain limits not attained in these investigations, the total supply of 
these two elements is not at all important, provided only that the proper 
ratio of active concentrations of iron to manganese is maintained. The 
analytical data show that within the tissues of the plant a similar relation- 
ship exists, not between total quantities of iron and total quantities of man- 
ganese, but between active iron and active manganese, although here a 
somewhat greater fluctuation than that which is permissible in the nutrient 
substrate, may occur in the value of this ratio and still be consistent with 
good growth and development of plants which are free from pathological 
symptoms. The effective internal range of these ratio values extends from 
approximately 1.5 to 2.5 for the species investigated, but it is not expected 
that the same range of values would be effective with all species with refer- 
ence to either the nutrient substrate or the active plant tissues. 

As a final consideration and as the result of these studies, it may be 
pointed out that the roles which have here been ascribed to the trace elements 
boron, iron, and manganese, important as they may be, are mere incidents in 
the whole complex maze of physiological functions which they may indirectly 
assume in the vital activities of any species. While it is at present impos- 
sible to assign any one particular process as the special function of a given 
trace element, it is probably safe to assume that each of these elements is a 
critical factor in every important physiological process involved in the 
nutrition of a plant. 

The New Jersey Agricultural Experiment Station 
J fEW Brunswick, New Jersey 
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WATER BALANCE IN THE ONION ROOT : RELATION OP VOLUME 
INTAKE TO VOLUME EXUDATE OP EXCISED ROOTS 
AND ISOLATED ROOT SEGMENTS 

Hilda F. Bosene 
(with two figures) 

Introduction 

111 order to eifeetively study water balance and ion exchange in higher 
plants it is important to obtain quantitative data concerning the mechanism 
of transport in root tissue per se. Such knowledge is also of significance in 
cell d 3 mamics since water balance is a property common to all cells. 
Although a careful study involving simultaneous determinaton of both 
absorption and exudation in a single isolated root or portion of root is essen- 
tial to a complete analysis of the dynamics of polar transport in higher 
plants, no such study has appeared heretofore. The present investigation 
which was confined to excised onion roots and isolated root segments should 
be extended to include other types of roots including those which have been 
grown by tissue culture technique. 

Young onion roots (less than two weeks old) grown in water culture show 
polar apical-basal differences in rates of water intake which are character- 
istic of root tissue since these differences are maintained both before and 
after the roots have been isolated from the bulb and developing leaves; 
although water intake occurs at all levels, higher rates appear in the rela- 
tively more basal regions (16). 

Unit volume of transport at a given axial level in an excised onion root 
may be just as large or larger than when it had the supposedly’' added force 
of the bulb and developed leaves to reinforce or supplant its own force in 
the transport of water in a saturated atmosphere. There is, of course, no 
conclusive evidence which shows whether or not the bulb and developing 
leaves exert a force which supplants that of the root under the given condi- 
tions. Although in some roots the rates are lower immediately after sever- 
ing the root from the shoot, fifteen hours later the rate of transport by the 
excised root is frequently greater than that during a previous corresponding 
intact period. It has been shown (16), however, that rates at given axial 
levels of young roots increase with time in both the intact and excised state. 

Fluctuations in the characteristic gradients of water intake occur along 
the longitudinal axis of intact and excised onion roots. Spontaneous varia- 
tions in rates, sometimes opposite in direction, are also simultaneously ex- 
hibited by contiguous levels from one two-hour interval to another (16, 18). 
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Water loss from epidermal cells has never been observed at any axial level 
in the healthy growing onion root ; but previous experiments have not shown 
whether or not a decrease in rate was produced by liquid loss from minute 
cellular areas. The area at a single potometer contact in experiments on 
several hundred roots was seldom less than 2, nor greater than 4, square 
millimeters; if liquid loss occurred from minute cellular areas decreasing 
the total intake at a single potometer contact, such loss was obscured by an 
algebraic over-all intake at a given level during the interval. Jenny, 
Overstreet, and Ayers (9) have demonstrated that intake of ions by some 
roots is not a unidirectional' process and that the same ion species may move 
into and out of the root at the same time. Other ion exchange studies have 
also been made; Mazia (13) showed that ion exchange occurs in Elodea; 
Mullins and Brooks (14) and Brooks (4) have demonstrated radioactive 
ion exchanges in single cells. Is water absorption a unidirectional process? 
Does water loss occur when rates of intake decrease and exudation pressure 
falls? Does water loss enter into the maintenance of the ‘‘rhizosphere’^ 
around roots? Sierp and Brewig (18) and Brewig (2) have described 
water loss in the apical region of Vkm faha simultaneous with absorption in 
basal regions. 

The appearance of small irregular oscillations in the ‘‘bleeding’^ of cut 
stems with root systems attached was recorded by Baranetzky in 1877 (1). 
In a recent article by Heyl (7) similar phenomena are mentioned. No mea- 
surements were made by either investigator to determine the possibilities of 
parallel variations in water intake and exudation. Grossenbacuer (5) has 
described diurnal fluctuations in root pressure and volume exudation. 
Measurements of water intake to determine the presence or absence of 
parallel recurring maxima and minima in both absorption and exudation 
were not included in his investigations. In studies on the influence of the 
shoot on root permeability and resistance to water intake Brewig used root 
systems with a portion of the stem attached (2). In a more recent article 
Brewig (3) describes exi)eriments with isolated root segments, but the ob- 
ject of the experiments differed greatly from those which are presented in 
this paper ; Brewig determined the effect of passing air over a portion of the 
root segment to simulate transpiration ; he also used osmotically active solu- 
tions. In the present investigation no attempt was made to determine the 
effect of different agents on water transport. It appears to be the first study 
to include simultaneous measurements of absorption in contiguous regions 
and exudation in root tissue per se in a saturated atmosphere under constant 
external conditions. The technique used in tlie following experiments makes 
possible the simultaneous measurement of intake, outgo, and retention of 
water and therefore fulfills the fundamental experimental requirement in 
an adequate quantitative study of water balance. 
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Methods and results 

Water transport in excised roots : relation of volume absorption to 

VOLUME exudation 

Calibrated potometers of small bore attached in a horizontal position to 
an uprif?ht f?lass rod within glass chambers provided a means of determining 
absorption rates and exudation in different root regions at the same time. 
Experiments were carried out in the dark with a saturated atmosphere in- 
side the chambers. Room temperature did not vary more than ±; 0.5° C. in 
the longest experiments. Condensed liquid which collected on the observa- 
tion window was removed before each reading by careful manipulation of a 
^‘window wiper’’ from the outside. Further details of the apparatus may 
be obtained from previous publications (15, 16). Roots were obtained from 
onions {AUhim cepa) grown in aerated nutrient solutions or in soil. 

Simultaneous measurements of water intake and of exudation of over 100 
individual excised roots reveal that fluctuations in both volume of inflow 
and outflow occur from one two-hour interval to another and that the varia- 
tions in volume outgo may occur independently of variations in intake. The 
ratio of volume output (exudation) to volume input (absorption) during 
any two-hour interval may be equal to, slightly greater, or less, than 1. 
Characteristic results are represented by the data in table I ; additional data 
would be repetitious. 

The plants from which the data in table I were obtained were placed in 
the experimental chambers the night preceding the experiment; excisions 
were made the following morning without removing the chamber covers in 
order to eliminate any marked change in humidity within the chambers. 
Only a portion of the potential absorbing surface of each root was utilized 
since not more than four potometers were used for absorption ; the absorb- 
ing area at a single potometer contact was not greater than 3.69 sq. mm, and 
not less than 1.45 sq. mm. The potometers were spaced 10 mm. apart with the 
bottom potometer at the apex. Readings were made at 2-hour intervals 
throughout a 24-hour period following an initial reading at 10 a.m. Elon- 
gation at decreased rates continued in the excised roots from 6 to 12 hours. 

All four roots manifested marked oscillations of the ratio of volume inflow 
(absorption) to volume outflow (exudation) from interval to interval. In- 
dependent fluctuations in both input and output were apparent ; frequently 
diminution of intake simultaneous with acceleration of outflow, or vice versa, 
was displayed. 

The greatest range of variation of ratios appears in root II, which ex- 
hibited a ratio of 0.05 during the second and 1.05 during the tenth interval. 
All four roots manifested a ratio less than unity during the first interval. 
This is usually the case immediately following excision. Although precau- 
tions were taken to supply the plant with an abundance of water preceding 
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Roots I, II, III, and IV were 5 days old and 44.8, 49,9, 52.3, and 51.1 mm. in length, respectively, when initial readings were made at 10 



ROSENE: WATER BALANCE IN THE ONION ROOT 


451 


excision, it may be that the bulb with developing leaves produced a water 
deficit in the root tissue. Water deficits and the requirements of growth 
might account for lower ratios during the first half of the 24-hour period 
before growth had ceased and before a ratio of 1.0 was attained. Root III, 
however, exhibited equal outflow and inflow during the second, third, and 
fourth intervals when growth took place and saturation deficits may have 
been present. Root III is also an exception to the fact that in most cases 
there is a marked increase in the magnitude of both inflow and outflow with 
time. Many young roots manifested a sixfold to tenfold or greater volume 
increase with time during the 24-hour experimental period. Exudation 
usually reached a maximum before the 24-hour experimental period ended. 
Whether or not this behavior indicates a diurnal cycle has not as yet been 
determined. During consecutive two-hour intervals a twofold and even a 
threefold (*hange in volume exudation was sometimes observed. 

Absorption and exudation of relatively apical segments 

It was early observed that if an excised root was converted into an iso- 
lated segment by removal of the root cap region with a clean cut excision, 
exudation occurred solely at the basal end of the segment whether or not 
it was in an horizontal or a vertical position. When an excised root 65 mm. 
in length A\as cut in two, exudation appeared at both ends of the upper half. 
Individual experiments were made on 35 roots to determine the exact level 
at which exudation appeared at both apical and basal ends of an intermediate 
segment. 

Measurements of simultaneous absorption and exudation were made on 
the intermediate segments which were isolated by removing diflFerent lengths 
of the apex and base of excised roots. The lengths of the tip removed dif- 
fered by increments of 0.5 to 16 mm. Five potometer tubes were used; the 
cut ends of the intermediate segments extended into tubes 1 and 5, and water 
was absorbed from tubes 2, 3, and 4 placed between them. The potometers 
were 10 mm. apart. Owing to space limitations, data from only 9 roots are 
given in table II. 

When less than 2 mm. was removed from the apical end of the excised 
root, the intermediate segment manifested elongation. This was due to the 
fact that the greatest amount of elongation in onion roots occurs in the second 
millimeter from the apex which in this case had not been removed. At the 
beginning of the experiment a small drop of water was placed over each cut 
end in potometers 1 and 5 ; this was usually absorbed by the apical end as 
shown by segments A, B, and C in roots I, II, and III (table II), which 
exhibited no exudation at the apical end. Segments with 5 to 16 mm. of the 
tip removed displayed absorption or exudation at the apical end during 
alternate intervals. The magnitude of total absorption, however, exceeded 



TABLE II 

Simultaneous volume absorption and volume exudation op isolated segments manifesting little or no exudation at the apical end^ 
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6: 30 P.M. to 9 A.M. 

8: 05 A.M. to 6: 35 p.m. 

6 : 35 P.M. to 9 : 05 \.M. 

10 ; 30 P.M. to 8 A.M. 

8 A.M. to 2 P.M. 

2 P.M. to 8 P.M. 

10 ; 35 P.M. to 8 A.M. 

8 A.M. to 2 : 05 P.M. 

2 : 05 P.M. to 8 P.M. 

8 A.M. to 1 P.M. 

1 P.M. to 6 P.M. 

8 A.M. to 4 P.M. 

4 P.M. to 8 P.M. 

8 P.M. to 10 A.M. 

3 P.M. to 8 P.M. 

8 P.M. to 8 A.M. 

8 ; 05 A.M. to 4 : 05 P.M. 

4 : 05 P.M. to 8 : 05 P.M. 

8 : 05 P.M. to 10 ; 05 a.m. 

8: 10 A.M. to 4: 10 p.m. 

4 : 10 P.M. to 8 : 10 p.m. 

8; 10 P.M, to 10: 10 A.M. 
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mm. 

43.3 A 

43.0 B 
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42.6 E 

43.1 F 
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days 

5 

5 

6 

6 

7 

5 

5 

5 

5 

£Ooa 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 


Experiments were carried out at 25° to 27° 
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that of total exudation in all but segments B and F from root V and VI. 
When more than 16 mm. was removed in roots of this age exudation usually 
exceeded absorption at the cut apical end. 

The transport ratio of volume outflow to volume inflow 

total absorption 

was seldom unity during the first interval following excision. With time 
the ratio approached or reached unity, the isolated segment transporting all 
the water which was simultaneously absorbed ; a ratio of one was not reached 
by growing segments. A comparison of the ratios during equal intervals of 
time and constant temperature as in segments C, D, and E from roots III, 
IV, and V in table IT show that exudation may be equal to, slightly greater, 
or less than, absorption during consecutive intervals. In most cases in which 
the isolated segments were placed in the chambers the night before, the seg- 
ments manifested oscillating ratios during two-hour intervals the following 
day but a ratio of unity when total outflow and inflow (sum of intervals) was 
compared. In table II, segments P, 6, and H show ratios of one during the 
12- or 14-hour period of the second or third interval ; in this case, however, 
it is not known if the ratios were maintained from instant to instant. 

The average rates of water intake from potometers 2, 3, and 4 were deter- 
mined but are not given in table II owing to space limitations. The highest 
rates appeared at the relatively more basal levels and fluctuations of rates 
occurred changing the gradient of distribution from time to time. Com- 
parisons of rates of water absorption of a given length of root when the root 
was intact (saturated atmosphere), when it had been excised, and finally 
when completely isolated from the root, showed that the given root tissue 
manifested the same type of behavior it exhibited before it was cut from 
the excised or intact root. 

Direction of transport in isolated contiguous segments 

Figure 1 is a diagrammatic representation of total outflow and of average 
rates of intake of water in three segments cut from a 78-mm. root 5 days old. 
The segments were placed in a vertical position with 5 horizontal potometers 
attached, two (designated by arrows 1 and 5, fig. 1) to collect exudate and 
three (designated by arrows 2, 3, and 4, fig. 1) filled with tap water. The 
highest average rate of intake appeared in the middle segment at a level 45 
mm. from the apex. Comparison of apical and basal outflow in each seg- 
ment showed that the direction of outflow in the apical third was entirely 
basal against gravity; in the middle and basal thirds outflow occurred in two 
directions; in both segments the bisal outflow was greater. The total out- 
flow in the apical segment was relatively low, but in this case not only were 
the rates of intake also lower but growth of the segment had taken place. 
Although the highest rate of intake occurred in the middle third, greater 
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Fio. 1. Diagram of total volume outflow and average rates of intake of water in 
isolated contiguous segments of the same root. Positions of the potometers are desig- 
nated by the arrows which are numbered 1, 2, 3, 4, and 5. Observations were made 
during a 20 -hour period. 


quantities of water were absorbed and transported by the basal third which 
was greater in diameter and, therefore, the area of absorption at the 3 
potometers was correspondingly greater. The results obtained from this 
root are typical of segments of the same length and relative position cut 
from roots 75 to 100 mm. in length. Occasionally a basal segment exhibited 
greater exudation at the apical end of the segment but outflow occurred in 
both directions. When, however, basal segments were isolated from older 
and longer roots (over 200 mm. in length) and placed in their normal up- 
right position with respect to gravity the direction of transport in the 
upright position' was toward the apical end. 
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Figure 2 shows volume outflow of longer segments from two older roots 
designated as A and B. Observations were made during a 15-hour period 
with tap water in three potometers placed between those into which exuda- 
tion flowed. In both roots, the relatively more basal segments manifested 
exudation at the apical end only. As indicated by the negative (-) sign 
most of the water covering the cut basal end disappeared. Since the vessels 
were open at both ends, this disappearance was caused by gravity, the water 
appearing in the potometer at the apical end in each case. In root A, no 

Comparison of Apical vs. Basal 
Exudalion of Segmenis 



exudation ai)])eared at the apical end of the apical segment; root B, on the 
other liand, manifested a small quantity of exudation at this end. The 
second segment from the apex manifested exudation at both cut ends; the 
volume flow in each direction was equal in root A and practically so in 
root B. 

The direction of outflow exhibited by the segments of the above two roots 
is characteristic of segments cut from older and longer roots. When basal 
segments were cut from roots 300 to 400 mm. in length and a drop of water 
was placed over each end, with the segment in the upright position, the water 
from the basal end flowed down the vessels appearing, in the bottom (apical) 



456 


PLANT PHYSIOLOGY 


potometer immediately after ; placed in an inverted position, the reverse was 
true ; placed in a horizontal position equal amounts of exudation appeared 
in potometers at the two ends of the se^ents when water was absorbed 
from potometers in between. 

The direction of transport through the stele of an isolated segment de- 
pends upon its age and upon the level of the segment relative to its position 
on the longitudinal axis. Segments from the apical third of young roots less 
than 65 mm. in length and less than a week old exhibit basal outflow only 
in an upright, inverted, or a horizontal position ; segments from the middle 
and basal third exhibit outflow at both ends in all three positions. In iso- 
lated pieces of roots of this length the direction of transport is chiefly basal, 
structural features apparently playing a dominant role. If, however, seg- 
ments are removed from levels near the bulb in roots over 200 mm. in length 
and 3 or more weeks old, the direction of transport depends upon the posi- 
tion of the isolated segment with respect to gravity. This indicates that the 
vector forces of transport are chiefly radial in isolated segments which are 
relatively older whereas in younger segments both longitudinal and radial 
factors are involved. 

Discussion 

It is important to note that the present investigation is concerned with 
volume transport and not pressures as such. Since external conditions 
were carefully controlled, the factors which brought about variations in the 

ratio of had their origin in changes in the root itself. That these 

factors are sharply localized is shown by the simultaneous changes in rates 
at the different levels of water intake. The total intake during any one 
interval is a summation of the local changes. Whether cells gain or loose 
water from one another is not shown but evidently the factors involved alter 
the flux relations of water in individual cells. This indicates the unequal 
distribution of forces (Shull, 17) throughout the isolated root tissue under 
the given conditions. The axial gradient of intake at any one moment is 
the algebraic sum of individual cellular activities; it varies in relation to 
both time and space under the particular conditions employed. The data 
furnish no evidence to indicate whether or not the opposite variations of 
outflow and inflow are produced by separate mechanisms. It is not believed 
that they are produced by faulty technique ; similar experiments, however, 
should be carried out by other investigators to establish this property of 
isolated roots. 

With respect to water balance, determination of output, especially dur- 
ing short intervals, is not necessarily a measure of input and vice versa. 
This may be true in all types of roots; if so, conclusions regarding water 
absorption are not valid when based upon measurements of exudation and 
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not water intake itself. Speidel (19) made parallel determinations of water 
intake and exudation in the decapitated root system of Plectranthus. He 
found that volume intake was greater than volume outflow throughout a 24- 
hour period. Similar results have been obtained with onion roots in a few 
experiments. In most cases, however, where intake was greater than out- 
flow immediately after excision a ratio of unity was reached before 24 hours 
had passed. 

The magnitude of both volume inflow and outflow increased with time 
after excision. It may be that the change in rates with time indicated an 
obscure periodicity. Baranetzky (1) observed two-hour oscillations in the 
bleeding ’’ of decapitated root systems in Bicims insignia plants 2 weeks 
old with an absence of decided periodicity at this age ; but when observations 
were made on plants 5 weeks old, pronounced periodicit5^ was noted. 

Examination of Grossenbacher’s curves (6) obtained from topped 
Heliaiithiis plants shows two- and threefold variations of rates of outflow 
between maxima and minima of 24-hour cycles under constant external con- 
ditions. Throughout a 12-hour period isolated onion roots frequently mani- 
fest a sixfold increase in rate of outflow^ Kramer (11) attached the cut 
stems of exuding cotton stem-root systems to a vacuum pump and noted 
(p. 486) that ^^four or five times as much water exuded under the reduced 
pressure as had exuded during the same period of time due to ‘root pressure' 
alone.'' This change is no greater than that observed in a similar 12-hour 
period with onion root tissue in the absence of applied suction ; in the onion 
root the change occurred under constant external conditions and was a 
property of the tissue itself ; whether or not a similar capacity is present in 
cotton roots has not been shown. By attaching topped tomato root systems 
to a vacuum pump and lowering the pressure Kramer (12, p. 787) “ap- 
proximately doubled" the rate of exudation. Again it is interesting to note 
that single excised onion roots under constant conditions will do the same 
without artificially a})plied suction during consecutive two-hour intervals. 
Kohnlein (10) and others have also applied suction to topped plants and 
obtained an increase in exudation; it may be that a similar increase in mag- 
nitude would have been manifested by the excised root tissue over a period 
of time under constant external conditions without the application of the 
suction pump. Brewig (3), however, calls attention to the gradual decline 
of rate of exudation following excision of roots of Yicia faha; he maintains 
that in his experiments the role of “bleeding" can be ascertained only if 
measured immediately after cutting. Wlien Speidel made parallel mea- 
surements of water inflow and outflow’ in the decapitated root systems of 
Plectranthus he obtained a sharp increase in both, followed by a progressive 
decrease wdth time during a 24-hour period (19, fig. 23, p. 102). Speidel 
attributes the steep descent of both outflow and inflow and the absence of 
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periodicity to oxygen deficiency produced by a gradual decrease of oxygen 
in the closed potometers. Closed potometers were not used in the present 
investigation. 

James and Baker (8) described experiments with cut pieces of Sycamore 
roots which manifested uptake of water by the morphologically lower end 
and exudation at the upper end. They maintain that ‘‘the exudation is 
always in the morphologically upward direction even when the vessels have 
been opened at both ends, and will allow water to pass freely in the longi- 
tudinal direction. A drop of water placed at the physically upper end of 
the piece of root immediately causes a drop to appear at the lower end.’^ 
Similar phenomena were not observed in pieces of onion root which mani- 
fested a longitudinal flow of water down the vessels when a drop of water 
was placed at the upper end of the root in a vertical position. Such pieces 
manifest exudation at either the distal or proximal end depending upon 
whether or not the segment is in an upright or inverted position; when 
oriented horizontally, exudation appears at both ends. James and Baker 
believed that their experiments furnished evidence that exudation from ves- 
sels did not take place. Although exudation from vertically placed basal 
segments cut from relatively old roots appeared in the lowest of a series of 
horizontally arranged potometers, the present experiments on onion roots do 
not furnish evidence for or against the possibility of phloem exudation since 
exudation from the phloem at the upper end of the segment would flow down 
the open vessels into the lowest potometer. The experiments do show, how- 
ever, that epidermal absorption takes place in the absence of vessels filled 
with osmotically active solutes ; forces outside of the vessels play a dominant 
role in the mechanism of intake in this case. 

Brewig (2, 3) maintains that variations of intake observed in the dif- 
ferent root regions of Yicia faba are dependent upon transpiration. As 
mentioned earlier he passed air over portions of isolated roots and root 
segments to simulate transpiration. The experiments on the onion root 
show that fluctuations of intake in isolated roots occur in a saturated atmos- 
phere under constant external conditions; in this case the regulatory phe- 
nomena are not associated with transpiration or evaporation from one end 
of the segment. 

Heyl (7) has recently reviewed various theories dealing with the i)he- 
nomena of “bleeding.’^ He discusses theories which deal with tissue poten- 
tials, electro-endosmotic flow, varying conditions of the plasma membrane, 
unequal osmotic forces at opposite sides of the cell, variations in the distri- 
bution of osmotically active substances in th^.cell wall, rhythmic pulsation 
processes in living cells, variations in the osmotic suction strength of the 
vessel liquid, expa^ion and contraction of the cell or vessel walls, local dif- 
ferences in the osmotic pressure at different regions of a tissue, and changes 
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in pressure in the vessels as a result of injury. Whether or not one or more 
of the theories actually does apply to onion root tissue per -se is only con* 
jecture at the present stage of the work. 

Summary 

1. Simultaneous determination of water absorption and exudation of 
excised roots and pieces of roots revealed that fluctuations in both inflow 
and outflow occurred from one two-hour interval to another in a saturated 
atmosphere at a temperature which did not vary more than ±: 0.5° C. during 
long intervals. The variations in outflow and inflow may be opposite in 
direction during any one interval. 

2. The transport ratio of outflow to inflow, ^^as sel- 

volume absorption 

dom unity during the first interval following excision; with time the ratio 
approached or reached unity. Eates of both inflow and outflow usually in- 
crease with time during a 24-hour period following excision. 

3. The direction of longitudinal transport through an isolated piece of 
root depends upon its age and upon its position on the longitudinal axis be- 
fore cutting. Segments consisting of the apical third of young roots less 
than 70 mm. in length and less than a week old exhibit basal outflow only in 
an upright, inverted, or horizontal position with respect to gravity ; segments 
from the middle and basal third exhibit outflow at both ends in all three 
positions. The direction of transport of basal segments cut from roots over 
200 mm. in length and several weeks old depends upon the orientation of the 
segment with respect to gravity. 

4. Isolated segments of the root manifest the longitudinal gradient of 
distribution of rates of absorption characteristic of the excised and intact 
state. 

Ackknowledgment is made to A. A. Horak for technical assistance. 
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AGENCIES AFFECTING THE PRODUCTION OF SUBSTANCE B 

BY BHIZOPUS 8UINU8 

Olair L. Woelet 
(with two figures) 

Introduction 

In view of the wide distribution of growth factors^ for microorganisms, 
it is not surprising to find that they can be obtained from other species of 
fungi and from bacteria, as well as from higher organisms. For many spe- 
cies there is no need to supply the factors, because they have the ability to 
synthesize these substances rapidly enough for optimal growth. Other spe- 
cies, although capable of manufacturing their own growth factors, do so at 
a suboptimal rate. In such cases, the deficiency of these substances becomes 
a limiting factor and their addition to the nutrient solution results in a 
marked acceleration of growth. Again, an organism may be totally unable 
to synthesize the needed compounds, and its growth, therefore, is strictly 
dependent upon the presence of these substances in the substratum. The 
amount of precise work that has been done on the classification of micro- 
organisms into these three categories has been relatively large during the 
last decade. On the other hand, the quantity of work in relation to the 
agencies affecting the production of a growth factor, including vitamins, by 
the species of the first type mentioned, is very meagre and usually incidental 
to a larger problem. 

Nielsen (5) investigated the effect of the nitrogen source on the produc- 
tion of heteroauxin by Bhizopus suinas. Similar, though broader, tests were 
performed by Bonner (1) and by Thimann (8). Boysen Jensen (2) tested 
the effects of substrate, of temperature, and of pH on the heteroauxin pro- 
duction by Asjyergilhis niger. These constitute the known published papers 
that give consideration to physiological agencies affecting the production of 
growth factors by fungi. They are limited not only in number, but also in 
scope, and are concerned with the production of substance A (lc., hetero- 
auxin). In no case have similar investigations been published relating to 
the production of substance B (an unknown substance increasing the dry 
weight production of Aspergillus niger and other species of fungi). 

Procedures and methods 

Species employed 

The importance of the case history of all species of fungi used in physio- 
logical work has been mentioned frequently in the literature. It is now a 

1 ' ‘ Growth f actorB * * is used synouymously with growth substances, plant hormones, 
plant vitamins, growth accessory substances, etc. 
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well recognized fact that two fungi, isolated from the same culture, which 
show the same morphological and reproductive habits and are therefore 
classified as the same species, may respond in entirely different manners, 
physiologically. This physiological difference explains many of the dis- 
crepancies reported by various investigators working with the same taxo- 
nomic species. 

A culture of Rhizopus siiinus Niel. was obtained from stock cultures of 
the Botany Department of the University of Wisconsin. In preliminary 
tests, the fungus was cultured on Nielsen nutrient solution and under the 
conditions set forth by him. The filtrate was tested by the standardized pea, 
oat, and tomato-petiole methods for substance A, and by the Aspergillus 
niger method for substance B. In every case, positive qualitative results 
were obtained, and it was therefore concluded that this strain showed a 
physiological similarity to those employed by other workers. A transplant 
of Aspergillus niger was made from a stock culture maintained in the same 
Department. Preliminary tests showed that this strain was augmented by 
the Rhizopus filtrate but not by the Rhizopus cultural nutrient (see later). 
The strain of Collet otrichum circinans (Berk.) Vogl. was the one employed 
by Worley and Duggar (11) in an earlier investigation. 

General procedures 

The importance of details of technique in experimental work dealing with 
the growth factors of microorganisms has been emphasized in much of the 
literature. These are critically discussed in the reviews of Peskett (7) and 
of Koser and Saunders (4). The main points listed in their reviews were 
considered in the conduction of the following series of tests. When dealing 
with the synthesis of an unknown substance by a new organism, however, the 
determination and the standardization of cultural techniques becomes an 
integral part of the investigations. Therefore, certain aspects of these cul- 
tural techniques are considered, one at a time, in the following investigations. 

Throughout the entire investigation Pyrex glass containers were used. 
All apparatus was washed according to accepted methods and rinsed several 
times with distilled water, prioir to use. The chemicals used were Baker's 
pure crystals, unless stated otherwise. And all cultures used as stocks for 
inoculation purposes were grown on solution III (see later). These stocks 
were cultured on slants in medium-sized test tubes, from which spores were 
washed with 20 ml. of physiological salt solution. The inoculum consisted 
of a 1-ml. aliqu^Mi 'of this preparation. 

The standardizM A. niger test method uhed is as follows. A 25-ml. por- 
tion of solution II and 5 ml, of the test solution were placed in each 125-ml, 
Erlenmeyer flask, in the method referred to as the 25 : 5 technique. In the 
49 : 1 technique, 49 ml. and 1 ml. of the respective solutions were used. The 
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flasks containing the media were stoppered with cotton wadding and auto- 
claved for 15 minuto at 15 lb. pressure. After cooling, they were inoculated 
with an A, niger spore suspension according to the procedure already given. 
The inoculated cultures were grown at 81° db 0.5° C., in diffused light, for 
66 hours. This temperature was chosen because it proved to be the optimal 
temperature, as determined by preliminary tests. Since there is an increase 
in dry weight yield of A, niger until the 60th hour, and since there is a 
decline in the same caused by autolysis, after the 72nd hour, the mid-point, 
that is 66 hours, was chosen as the sampling time. At the termination of 
this time period the mats were filtered from the liquid, washed with distilled 
water, dried for three days in an electric oven at 92° to 96° C., cooled in a 
desiccator, and weighed. 

The standardized Rhizopus suinus cultural method employed follows. 
Aliquots of 250 ml. of solution I were placed in liter Erlenmeyer flasks, stop- 
pered with cotton, and autoclaved for 20 min. at 15 lb. pressure. After 
cooling, they were inoculated with a B. suinus spore suspension according to 
the given procedure. These cultures were grown at 25° zh 1° C., in diffused 
light, for 5 days. At the end of the cultural period the mats were separated 
from their substrata by filtration ; the filtrates were autoclaved and stored 
for the Aspergillus tests, while the mats were washed, oven dried, cooled, and 
weighed. This general method was the basic cultural technique from which 
variations were made. In each test, one influencing agent is varied, and this 
variance is given with each test. 

Nutrient solutions 

The following nutrient solutions were used throughout this series of 
tests : 

Solution I (for Rhizopus cultures) 


NH 4 -tartrate 10.228 gm. (M/18) 

MgS 04 7H.0 0.493 gm. (M/500) 

KH 2 PO 4 0.545 gm. (M/250) 

Dextrose 10.005 gm. (M/18) 

Ferric tartrate (sat. soln.) 3.000 drops 

Dist. H 2 O to 1000 ml. 

Solution II (for Aspergillus cultures) 

NH 4 NO 3 5.003 gm. (M/16) 

MgS 04 • 7 H 2 O 0.616 gm. (M/400) 

K:H 2 P 04 0.619 gm. (M/220) 

Sucrose 62.215 gm. (M/5.5) 

Ferric tartrate (sat. solh.) 3.000 drops 

Dist. H 2 O to 1000 ml. 
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Solution III (for slants and for Colletotrichum 
plates) 

NH 4 NO 3 5.003 gm. (M/16) 

MgS 04 • 7 H 2 O 0.616 gm. (M/400) 

KH2PO4 0.619 gm. (M/220) 

Dextrose 20.010 gm. (M/9) 

Ferric tartrate (sat. soln.) 3.000 drops 

Difco agar 17.000 gm. 

Dist. H 2 O to 1000 ml. 

' Statistical analyses 

During this investigation, which extended over a period of two and one- 
half years, the productivity of the strain of B. suinus slowly and progres- 
sively decreased. Thus, while the figures obtained for any one specific test 
are strictly comparable, this is not necessarily true for the figures of different 
tests. It seemed inadvisable, therefore, to average replicas and take their 
probable errors, as followed by the majority of workers in related fields. In 
lieu of the heretofore accepted procedure the following statistical method was 
employed. All measurements made, regardless of type, were recorded for 
the replicas of both controls and tests. Ratios, that is the test value divided 
by the control value, were calculated for every possible combination. The 
total number of ratios possible is the product of the number of test values 
and the number of control values. These ratios were averaged to obtain the 
value of the statistical factor (F) and its standard error (SB) was deter- 
mined. This method of assay has two distinct advantages over the methods 
in common usage : (1) it readily permits the comparison of two different sets 
of data; and (2) the standard error obtained is greatly enlarged by extremes 
in test and control values and therefore is of greater significance. This is 
especially true when its value is relatively small. 

Results 

I. The influence of the weight of the Rhizopus mat on the 
PRODUCTION OF SUBSTANCE B 

The Rhizopus was cultured for five 'days in 250 ml. of solution I placed 
in 1-liter flasks. Tfiese were held at a temperature of 23° it 1° C., while all 
other runs were cultured at 25° di 1° C. The former were grown in the 
presence of a bottom light source obtained from six 100-watt Mazdas, placed 
at a distance of 16 inches and separated from the flasks by a glass plate and 
apne-inch running-water filter. Four filtrates of the Rhizopus cultures were 
tested by the Aspergillus method at three concentrations. 

The results in table I fail to show any correlation between the amount 
of the growth factor produced and the amount of Rhizopus mycelium con- 



WORLEY: PRODTJCTION OP SUBSTANCE B 


465 


TABLE I 

Mhizopus suinim: The relation op the dry weight op the mycelium to the 
PRODUCTION OP SUBSTANCE B (3 REPLICAS) 


Culture 

Bhizopus : 
DRY weight 
OF MYCELIUM 

Concentrations 

TESTED 

TS*: Nutrient: HjO 

Aspergillus : 
DRY weight 
OF mycelium 

1 (average) 

F + SE 

! 


mg. 


mg. 


Control 


0: 40: 10 

35.8 

3.00 



1: 40: 9 

64.1 

1.79^0.024 

Test filtrate I 

113.0 

5: 40: 5 

67.9 ; 

3.90 ±0.014 



10: 40: 0 

97.0 I 

2.71 ±0.022 



1: 40: 9 

42.6 

: 1.19 + 0.013 

Test filtrate II 

308.0 

1 5:40:5 

78.5 

1 2.19 ±0.019 



30: 40: 0 

119.2 1 

3.33 ±0.037 



1: 40: 9 

42.6 

1.19 ±0.035 

Test filtrate III 

180.4 

5: 40: 5 

68.4 

1.91 + 0.018 



10: 40: 0 

125.9 

3.53 ±0.024 



1: 40 : 9 

38.9 

1.09 ±0.012 

Test filtrate IV 

389.0 

5:40:5 

64.8 

1.81 ±0.047 

1 


10: 40: 0 

81.9 

2.29 + 0.053 


* TS = test solutions ; ue., the Bhizopus filtrate. 


tributing to its production. In each case, however, the yield of A. niger 
was increased with an increase in the amount of the filtrate tested. The 
above test was repeated twice using the same culture flasks in the same posi- 
tions. The results were very comparable and showed the same interrelation- 
ships as those included in table I. These data suggested that environmental 
agencies might exert important roles on the productivity of the stimulant. 
And since the distribution of the light was not exactly even, this test was 
repeated in total darkness, in order to investigate this aspect more thoroughly. 

II. The influence of the weight of the Rhizopus mat on the 

PRODUCTION OP the GROWTH FACTOR, WHEN CULTURED 
IN TOTAL DARKNESS 

The method of culturing the Rhizopus was the same as that used for 
test I, save that the culturing took place in total darkness and at 25® ±: 1® C. 
All the filtrates were tested by the standard 25 : 5 Aspergillus technique. 

These results, like those of test I, fail to show any relationship between 
the amount of fungal growth and the substance B production. Once again, 
marked variations occurred between the stimulated powers of several Rhi- 
zopus cultures. These variations were repeatable in the same order and 
degree by using the same flasks in the same positions. Test II tends to 
eliminate light as the causal agent in the environment. These variations 
may be caused by a balance between the productions of growth promoting 
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TABLE II 


Mhigopua suinus: The relation of the dry weight of mycelium, for cultures grown 
IN total darkness, to the production of substance B (5 REPLICAS) 


{ 

Culture 

Bhizopus ; 

DRY WEIGHT OF 
MYCELIUM 

Aspergillus : 

AVERAGE DRY WEIGHT 

1 OF MYCEUUM 

r±SE 

Control 

mg. 

mg, 

105.8 

1.00 

TS-1 

49.7 

170.0 

1.62 ±0.014 

TS-2 

53.1 

135.1 

1.29 + 0.009 

'TS-3 

63.7 

177.4 

1.70 ± 0.004 

TS-4 

49.3 

185.2 

1.76 4-0.013 


and growth inhibiting factors. The succeeding tests investigate the first 
hypothesis, and arguments in support of the second hypothesis are presented 
throughout this investigation and the one to follow (which includes physico- 
chemical properties of the active factors in the filtrate). The non-correla- 
tion noted in the above two tests (I and II) is in accord with the production 
of substance A by the same species of fungus (Bonner, 1). These results 
suggested the advisability of separating substances A and B prior to testing. 

III. The effect of various concentrations of an ether-treated 

FILTRATE OF RhIEOPT^S, ON THE DRY WEIGHT YIELD OP A. nUjCV 

The Rhizopus was cultured in accordance with the standard method given 
above. The mat was filtered from the liquid, and the filtrate was layered 
three times (15 minutes) with equal volumes of peroxide-free ether. Hetero- 
auxin was demonstrated in the ether-soluble fraction by the accepted pea and 
oats methods. The aqueous portion, containing ether-insoluble compounds, 
was tested by the standard A. niger method. 

TABLE III 


Dry weight yields of Aspergillus on various concentrations of ether-insoluble 
FILTRATES (TS) OF Bhizopus 8 uinv 8 (5 replicas) 


Culture 

Concentrations 
^ tested 

TS: Nutrient: HtO 

Aspergillus : 

AVERAGE DRY WEIGHT 

OF MYCELIUM 

F±8E 


mh 

mg. 


Control 

0:40:10 

38.0 

1.00 

T8-1 

1:49:9 

76.8 

2.23 ±0.032 

TS-2 

2: 40: 8 

, 84.3 

2.46 ±0.068 

TS-3 

5:40:5 

115.5 

3.36 ±0.028 

TS-4 

10:40:0 

104.3 

3.03 ± 0.030 


Test in confirms the work of Nielsen and Hartelius (6) by which it 
was d^onfirtrhted that the Rhizopus filtrate actually contains two growth 
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factors which may be separated by their respective solubilities in ether ; viz., 
substance A, or heteroauxin, which is ether soluble ; and the ether-insoluble 
substance B which augments the production of dry matter by A. niger. 

It is obvious that 5 ml. of the ether-insoluble fraction of the filtrate, in 
50 ml. of the test nutrient, yields the maximal results. With the use of 
untreated filtrate (cf. table I), however, much greater concentrations are 
required before the maximal yield is reached. Since a greater variation in 
the concentration remains more nearly parallel with the subsequent yield 
with the use of the untreated filtrate, as compared to the ether-insoluble 
fraction, the former was used throughout the following tests. Subsequent 
tests, to be reported later, indicate that the stimulant might be a labile com- 
plex and not one definite compound. Therefore, until the definite physico- 
chemical properties of the so-called substance B are known, the untreated 
filtrate is used in the tests, since any pre-treatment might produce an inde- 
terminable artifact. 

IV. The INFLUENCE OF THE LIQUID AREA EXPOSED PER UNIT VOLUME ON 
THE PRODUCTION OF SUBSTANCE B BY B. SUinuS 

The Rhizopus was cultured in various sized containers so that the area 
exposed, for 50 ml. of nutrient, varied from 16 sq. cm. to over ten times that 
area. The inoculum was in proportion to that of the standard method (i.e., 
i the customary amount), and all other conditions were held as heretofore. 
The various filtrates were tested by the 25 : 5 Aspergillus method. 

TABLE IV 


JNFLI^ENOE OF AREA EXPOSED PER UNIT VOLUME ON THE PRODUCTION OF 
SUBSTANCE B (7 REPLICAS) 


Culture 

EXPRESSED AS 

AREA EXPOSED 

Rhizopus : 

DRY WEIGHT OF 
MYCELIUM 

Aspergillus : 

AVERAGE DRY WEIGHT 
OF MYCELIUM 

F±SE 

sq. cm. 

mg. 

mg. 


Control 


247.5 

1.00 

162.0 

133.1 

317.1 

1.29 + 0.056 

136.9 

97.9 

270.2 i 

1.10 ±0.017 

99.0 

68.5 

260.4 1 

1.06 ± 0.016 

83.8 

42.5 

298.9 1 

1 1.22 ± 0.029 

49.5 

80.4 

351.1 

1.43 ± 0.019 

31.3 

37.0 

320.1 

1 1.30 + 0.017 

24.3 

33.7 1 

1 352.5 

1.43 + 0.022 

16,0 

39.4 

290.4 

1.17 + 0.018 


The data in table IV fail to reveal any relationship between the areas 
exposed per unit volume and the effectiveness of the filtrates. These results 
have two possible interpretations. First, the relative size of the surface area 
plays no part in the production of substance B. Secondly, the surface area 
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influences not only the production of substance B, but also of a substance 
which inhibits the growth of A. niger. As a result, the effectiveness of the 
filtrate would not depend solely on the amount of substance B but rather 
on the balance of this substance with the inhibitory factors produced in the 
same culture. The second possibility is the more plausible. It is well known 
that the presence of inhibitors in substrata on which fungi are cultured is 
more universal than the occurrence of stimulators. Furthermore, the pro- 
duction of heteroauxin by B. suinus parallels the degree to which the cul- 
tures are aerated, or to the relative area exposed [Bonner (1) and Thi- 
MANN (8)]. The depression of heteroauxin on the growth of the strain of 
A. niger used was demonstrated by qualitative tests. Heteroauxin was sig- 
nificantly toxic to the strain of A. niger employed in concentrations as low 
as 1 p.p.in., and markedly so at 10 and 100 p.p.m. This is within the range 
of heteroauxin occurring in Bhizopus suinus filtrates. It is, therefore, 
entirely possible that the surface area did influence the production of sub- 
stance B, but also affected, in like manner, the production of inhibitors 
(heteroauxin !). The untreated filtrates, therefore, failed to show a rela- 
tionship between the effectiveness and the area exposed, because the stimu- 
lating value did not depend on the growth factor alone, but on the balance 
of this with inhibitory products. Prior to the complete solution of this 
problem, as well as of other problems relevant to growth factor production, 
it will be necessary to separate the stimulators from the inhibitors. 

V. Effect of white light on the production of substance B by 

Bhizopus suinus 

Three Bhizopus cultures were assembled and grown under standard 
methods, with the following variances. Two flasks were so placed for growth 
as to be subjected to a bottom white light with an energy value of 570 to 580 
ergs/cm.*/sec. The third flask was cultured under similar conditions except 
that it was kept in total darkness. The respective filtrates were tested by 
the standard 25 : 5 Aspergillus technique. 


TABLE V 

EPTECT of light and darkness on substance B production (3 REPLICAS) 


Culture 

Bhizopus; 

DRY WEIGHT OF 
MYCELIUM 

Aspergillus : 

AVERAGE DRY WEIGHT 

OF MYCELIUM 

P±SE 

Control 

mg. 

' .mg. j 

270.3 1 

1.00 

Darkness 

^'6 

292.4 

1.08 + 0.007 

Light 1 

32.6 

286.0 

1.05 ±0.011 

light 2 

96.6 

270.3 1 

1.00 ±0.009 
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The results in table V indicate little or no effect of bottom light on the 
production of this growth factor. It is to be noted that one of the cultures 
exposed to the light produced a filtrate which was ineffective, and that the 
other produced a filtrate which was less effective than that normally experi- 
enced. A comparison of the Rhizopus dry weight yields and the respective 
values of their filtrates emphasizes once again the lack of correlation between 
actual growth and the production of the growth factor. 

VI. Effect of monochromatic irradiations on substance B 

PRODUCTION 

When employing a light from a top source it is necessary to prevent a 
focusing effect from the container and any shading from the cotton plugs. 
This was accomplished by using 12-oz., flat-sided, reagent bottles, which were 
placed on the broad side under the light whose effect was to be tested. The 
controls were arranged in a similar position, but placed in total darkness. 
Because of the size of the containers it was necessary to use 50 ml., rather 
than 250 ml., of the culture nutrient. All filtrates were tested by the 25 : 5 
technique. 

The three monochromatic lights were arranged and standardized by Dr. 
William Gray, to whom sincere thanks are extended. The ultimate light 
source was a mercury lamp and the monochromatic lights were obtained by 
combinations of four liquid dye solutions, each 1 cm. in depth. Those used 
were: 

Green Main line at 5640 A. Intensity 224 to 232 ergs/cm.ysec. 

Filter layers: 0.22 per cent, potassium diehromate; 6 
per cent. CUSO4 ; and two of neodymium-NH4N02. 

Blue Main line at 4360 A. Intensity 288 ergs/cm.*/sec. Filter 

layers: 2 per cent. quinine-HCl; 6 per cent. CUSO4; 
0.003 per cent, acid-rhodamine ; and ammoniacal-CuS04. 

Yellow . ... Main line at 5780 A. Intensity 392 ergs/cm.®/sec. Filter 
layers: 6 per cent. CUSO4; 2 per cent. quinine-HCl; 
0.02 per cent, tartrazine + 0.02 per cent, erythrosine ; and 
distilled H2O. 

The effects of the monochromatic lights on the production of substance B 
are more marked than the effect of the entire visible range. This difference, 
perhaps, is the result of the direction of the incident light ; the white light 
striking the under side of the mat, and the others the top surface. A more 
plausible explanation lies in the possibility of opposite effects of the various 
light ranges tending to balance each other in the complete visible range. 
This is indicated by the data of table VI. The yellow light greatly reduced 
the effectiveness of the Rhizopus filtrate as compared with the control cul- 
tures in the dark, while the green and the blue lights had the opposite effect. 
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TABLE VI 


Effect of monochhomatic blue, green, and yellow lights on the production of 

SUBSTANCE B BY B, minU9 (7 REPLICAS FOR YELLOW, AND BLUE, 

3 REPLICAS FOR GREEN) 


Culture 

Ehizopus : 

DRY WEIGHT OF 
MYCELIUM 

Aspergillus : 

AVERAGE DRY WEIGHT 
OF MYCELIUM 

F±BE 

Control 1 

mg. 

mg, 

228.3 

1.00 

Yellow light 

“IS-S 



Test 1 

411.1 

1.78 ±0.026 

Test 2 

22.2 

379.0 

1.65 ±0.023 

Bark 1 

55.2 

582.7 

2.55 + 0.108 

Bark 2 

45.3 

487.2 

2.14 ± 0.023 

Blue light 

Test 1 




31.0 

491.4 

2.16 ±0.019 

Test 2 

26.0 

493.7 

2.18 ±0.025 

Bark 1 

43.4 

461.9 

2.03 ± 0.028 

Bark 2 

40.5 

442.0 

1.94 ±0.101 

Control 2 


270.3 

1.00 

Green light 




Test 1 

49.1 

335.4 

1.24 + 0.021 

Test 2 

42.0 

324.4 

1.20 ±0.011 

Bark 1 

97.9 

299.5 

1.11 ±0.013 

Bark 2 

80,3 

293.1 

1.08 ±0.007 


Whether the lights exerted their influences directly on the filtrate or 
indirectly on the mycelium is not known. All cultures grown in total dark- 
ness produced mycelia completely subjnerged. Those grown in the presence 
of the lights, however, did develop floating mats with typical aerial hyphae. 
There was neither sporulation nor pigmentation when subjected to either 
yellow or blue light. When subjected to green light the sporulation was 
comparable to that of the white light tests and the pigmentation was but 
slightly less intense. In these tests, however, there was no direct relation- 
ship between the type of growth and the growth factor productivity. 

VII. Influence op the size of the Rihzopus inoculum on the 
ULTIMATE production OF SUBSTANCE B 

Although the size pf the Rhizopus inoculum was varied in neither pre- 
ceding nor subsequent tests, and therefore played no part in the variations 
recorded there, it seemed advisable to ascertain whether it influenced the 
substance B productivity of the cultures. Standard Rhizopus cultures were 
used except that the size of the inoculum was varied from one-eighth to twice 
the amount employed in the standard technique. 

The data of table VII show that a doubling of the size of the Rhizopus 
inoculum does result in a significant increase in the stimulative power of the 
ultimate filtrate. Since the amount of the physiological solution used was 
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TABLE VII 

EFrECT OF THE SIZE OF THE INOCULUM ON THE SUBSTANCE B PRODUCTION BY 

Bhizopus auinuB (7 replicas) 


Culture expressed 

AS SIZE OF THE 
INOCULUM 

Ehizopus : 

DRY weight of 
MYCELIUM 

Aspergillus : 

AVERAGE DRY WEIGHT 
OF MYCELIUM 

F±SE 

Control 

mg. 

mg, 

356.5 

1.00 

2 normal 

47.6 1 

525.7 

1.48 ±0.013 

Normal 

54.7 

462.1 

1.30 + 0.007 

^ normal i 

48.6 

448.2 

1.26 + 0.007 

1 normal 

60.0 

425.1 

1.19 + 0.007 

J normal 

51.3 

408.1 

1.15 ±0.007 


the same for all tests, the inorganic ions thus introduced were not responsible 
for the results obtained. There are two possibilities of carry-over effects ; 
that in the liquid, and that in the spores themselves. That the former of 
those two is most probably not the causal agent is indicated indirectly by 
the fact that increases of Rhizopus filtrates, many fold greater, exert lesser 
degrees of acceleration. The possibility of a carry-over effect in the spores 
was not tested. The most acceptable possibility, however, is an indirect one 
through the effect of the size of the inoculum on the subsequent Rhizopus 
growth. The greater the concentration of the inoculum, the greater the rate 
of the initial growth, the earlier the sporulation, and the earlier the initiation 
of the subsequent autolysis. If substance B production is correlated with 
the rapidity of growth, with spore production, or with autolysis, this latter 
hypothesis would tend to explain the results of table VII above. Through- 
out this series of investigations it was observed that the stimulative power 
of the filtrate was always greatest in those cultures in which the Rhizopus 
had formed spores previous to the termination of the run. And, at present, 
it is tentatively assumed that the last explanation is the most plausible for 
the interpretation of the results obtained. 

VIII. The RELATIVE PRODUCTIVITY OF SUBSTANCE B, BY BhizOpllS 
suinus, AT DIFFERENT TEMPERATURES 

Seven standard cultures of Rhizopus were grown at various temperatures. 
They were placed in available incubators, baths, and rooms whose tempera- 
tures fluctuated less than 1° C. The temperatures used were : 11°, 18°, 25°, 
31°, 35°, and 41° C. All other conditions were held as nearly equal as possi- 
ble. The relative humidities and the intensities of the diffused lights, how- 
ever, varied slightly. The test at 11° C. failed to grow and consequently 
was not tested. The filtrates of the remaining six cultures were tested by 
the standard 25 : 5 Aspergillus technique. 
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TABLE VIII 

ErrECT OP tempbraturb on the substance B probuotivity of Bhieopus minus 

(3 REPLICAS) 


Culture - 

EXPRESSED AS 
TEMPERATURE 

Bnizopus : 

DRY WEIGHT OF 
MYCELIUM 

Aspergillus ; 

AVERAGE DRY WEIGHT 

OF MYCELIUM 

F±SE 

Control 

mg. 

mg, 

270.3 

1.00 ' 

18® C 

88.9 

279.5 

1.04 + 0.032 

26® C 

109,2 

283.7 

1.05 ± 0.007 

28® C 

» 200.0 

300.5 

1.11 ±0.031 

31® C 

771.3 

422.3 

1.56 ± 0.007 

35® C 

128.2 

300.0 

1.11 ±0.017 

41® C 

\ 

43.2 j 

230.4 

0.85 0.007 


It is obvious that the production of substance B is affected markedly by 
the incident temperature. Whether this effect is direct or indirect has not 
been ascertained. Up to and including the optimal temperature of 31° C. 
there is a relationship between the weight of the Rhizopus mat and the 
effectiveness of the filtrate. The relationship between the productivity and 
the abundance of aerial hyphae and sporulation is even more marked. These 
in outline form are : 

18° C. — ^floating mat ; no aerial hyphae ; no spores. 

25° C. — ^floating mat ; aerial hyphae ; few spores. 

28° C. — ^floating mat ; aerial hyphae ; good spore production. 

31° C. — ^floating mat ; aerial hyphae reaching 1 inch in height; 

very intense sporulation, evident as early as 3^ days. 

35° C. — ^floating mat ; aerial hyphae ; good spore production. 

41° C. — submerged gelatinous mass. 

The rapidity with which the mycelia developed was correlated with the 
degree of sporulation. This, once again, indicates the possibility of a rela- 
tionship of the production of this growth factor either with the rate of 
growth or with the process of sporulation. The results obtained at 41° C., 
however, would require a separate explanation. 

Nielsen (6) reported that the maximal yield of substance A (hetero- 
auxin), by the same species, occurred at 35° C. And, Boysen Jensen, in- 
vestigating the production of heteroauxin by Aspergillus niger (2), recorded 
that the greatest accumulation occurred at 36 to 37° C. Their results sug- 
gest that the sudden drop in effectiveness noted for the filtrates from cultures 
grown at temperatures above 31° C. migh^ possibly be due to a marked 
increase in the production of substance A. The effectiveness tested, there- 
fore, could be the result of the balance of substances A and B. The inhibit- 
ing effect of the filtrate of the 41° C. culture is more probably caused by 
some metabolic product other than heteroauxin, since the prodpction of this 
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substance is known to be very low at the higher temperatures. Although 
the results obtained are not necessarily indicative of the absolute produc- 
tivity of substance B, they do show that the stimulative value of the Bhizopus 
filtrate, as tested by Aspergillus niger, is influenced markedly by the tem- 
perature. The cardinal temperatures, in relation to the effectiveness of the 
filtrate, are: minimal, near 18° C.; optimal, 31° C. ; maximal, slightly above 
35° C. It is assumed, however, that the production of substance B parallels 
this effectiveness relatively closely, 

IX. Aeration op the Bhizopus culture and its effect on the 

SUBSTANCE B PRODUCTION 

Six standard Bhizopus cultures were used for these tests. One was 
plugged with cotton wadding as used throughout all other tests (solution K). 
The second flask was closed with a rubber stopper and sealed with paraffin 
(solution Seal). The third culture was aerated with sterilized air bubbling 
through the solution at the rate of six bubbles per minute (solution Air). 
The fourth was the same as the third, save nitrogen was substituted for the 
air (solution N). In the fifth, pure oxygen replaced the air of the third 
(solution 0-1). And in the sixth, the space above the solution was aerated 
with pure oxygen at the same rate (solution 0-2). Other cultural pro- 
cedures were as of the standard technique, and the untreated filtrates were 
tested by the 25 : 5 method. 

TABLE IX 

Effect of aeration on sttbstance B production (3 replicas) 


Culture 

Bhizopus ; 

DRY weight of 
MYCELIUM 

Aspergillus : 

AVERAGE DRY WEIGHT 
OF MYCELIUM 

F±SE 


1 mg. 

my. 


Control* 


100.8 

1.00 

Sealt 

144.0 

145.5 

1.45 ± 0.028 

K* 

149.1 

160.2 

1.59 ± 0.015 

0-2 

; 300.2 

170.2 

1.65 ±0.043 

Air 

! 173,7 

174.1 

1.73 ±0.056 

0-1 

174.5 

206.5 

2.06 ± 0.045 

N 

No growth 




* Four replicas, 
t Submerged mat. 


The production of substance B is directly related to the degree of aera- 
tion, as is illustrated by the results shown. This increase in substance B 
accumulation, resulting from increased aeration, is undoubtedly more 
marked than the above data indicate, since Bonner (1) showed that hetero- 
auxin production, by the same species, is greatly increased by an increase in 
aerobic metabolism, and since preliminary tests demonstrated the toxicity of 
this substance to the growth of Aspergillus niger. 
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The results obtained for the sealed culture show that the flask contained 
ample air, not only for growth but for a signiflcant production of substance 
B. Although, in most cases, the production of this growth factor appeared 
to possess a relationship with rapid initial growth and with spore formation, 
these same results demonstrate that the process of asexual fruiting is not 
absolutely essential. A continuous exchange of the air above the liquid 
(0-2) resulted in a greater effectiveness of the filtrate, while the stimulative 
value of the filtrate of the flask stoppered with cotton wadding was inter- 
mediate to these last two. Herein lies a partial explanation of the variations 
in effectiveness observed fof various cultures grown under strictly standard 
methods. The tighter the wadding the less the degree of gaseous exchange, 
and therefore a decrease in the production of the growth factor. Complete 
aeration of the liquid and of the gas above it (0-1) resulted in a 50 per cent, 
increase in production over that obtained for the sealed culture. Since the 
Rhizopus failed to grow" under anaerobic conditions, and since growdh is a 
prerequisite to substance B production it was impossible to ascertain w"h ether 
oxygen is essential for the formation of this growth factor. 

The data above, once again, demonstrate the lack of a relationship 
between the mycelial production of Rhizopus and the amount of the sub- 
stance B produced. 

X. Effect of filter paper on the production of substance B by 

Bhizopvs suinns 

It has been reported that filter paper not only influences the accumula- 
tion of the heteroauxin formed, but also that it stimulates the growth of this 
fungus (Worley, 10). It seemed advisable, therefore, to test whether filter 
paper would play a similar role in substance B production. Two flasks of 
the fungus were cultured ; the one was run under standard culture methods, 
while the other contained one shredded 120-mm. filter paper. The filtrates 
were concentrated to one fifth their original volumes, by partial evaporation, 
and then diluted to the concentrations desired. The following (*oncentra- 
tions were prepared and tested. 

F~5,0 = 1 ml. of concentrate equivalent to 5.0 ml. of filter-paper filtrate. 

P~2.5 = 1 ml. of concentrate equivalent to 2.5 ml. of filter-paper filtrate. 

etc. 

W~5.0 = 1 ml. of concentrate equivalent to 5.0 ml. of regular filtrate. 

W-2.5 = 1 ml. of concentrate equivalent to 2.5 ml. of regular filtrate. 

etc. 

I 

The filtrates were tested not only by the Aspergillus niger method (table 
XI), but also by the Colleiotrichum circimns method reported by Worley 
and Duggar (11). In lieu of the diameter measurements, as given in their 
paper, the comparisons were made on total areas (table X). This change 
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permits a comparison with dry weight measurements of fungi grown on 
liquid cultures. The results are also given in a form to show the relative 
effects of the test solutions at different .time periods. In addition to the two 
accepted methods of interpretation, viz,, radial, and ring-area, the sector- 
area method was employed. The advantages of this latter method have been 
given by Worley (9). 

TABLE X 

Effect of filter paper on substance B production, as tested by the 
Colletolrichvm circinans method (5 replicas) 


Culture 

Total areas (sq. cm.) of Collet otrichum circinans at various 

TIME intervals 

0 

3 days 

6 DAYS 

8 DAYS 

11 DAYS 

14 DAYS 

17 DAYS 

20 DAYS 

Control 

0.008 

0.33 

2.75 



15.55 


31.47 

F-5.0 

0.008 

0.61 

3.73 

7.65 

13.85 

22.06 

32.17 

42.78 

F-2.5 

0.008 

0.55 

3.63 . 

6.33 


21.24 

30.58 

41.06 

F-1.5 

0.008 

0.52 

3.56 


12.32 

19.24 

27.81 

37.18 

F-1.0 

0.008 

0.57 

3.63 

6.29 

12.76 

19.87 

28.27 

38.26 


0.008 

0.65 


6.68 

12.88 

19.01 

27.34 

35.26 


0.008 

0.54 

3.56 

6.25 

12.25 

19.48 

28.56 

38.48 

W-.2.5 

1 0.008 

0.40 

2.52 

4.83 

10.24 


26.15 

35.78 



0.008 

0.31 

2.81 

5.68 



28.37 


W-l.O 

0.008 

0.54 

3.37 

5.94 

12.38 

19.32 

27.25 

37.39 

W-0.5 

0.008 1 

0.54 

3.43 

6.16 

12.44 

19.32 

25.97 

33.29 


The same test solutions were diluted to one part in five and then tested 
by the 25 : 5 Aspergilhis niger method. The results are given in table XI. 

TABLE XI 

Effect of filter paper on substance B production, as tested by Aspergillus 

mger (3 replicas) 


Culture 

Aspergillus : average dry 
weight of MYCELIUM 

F±SE 

Control 

mg, 

52.3 

1.00 

F-2.5 

217.0 

4.16 + 0.062 

r-i-s 

207.9 

3.98 ± 0.068 

F-1.0 

184.2 

3.53 ± 0.055 

r-0.5 

138.4 

2.65 ±0.149 

W~2.5 

362.3 

6.94 + 0.219 

W~1.5 

231.8 

4.44 ± 0.086 

W-1.0 

192.9 

' 3.69 + 0.061 

W-0.5 

173.8 

3.31 + 0.044 


The interpretation of the effect of filter paper, in the nutrient solution, 
on the production of substance B is dependent upon the test organism used. 
The above data show a significantly higher augmentation of the growth of 
Collet otrichum circinans on the addition of a filter-paper filtrate than on 
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the addition of a regular filtrate. This increase in acceleration, arising from 
the presence of the filter paper, is significantly greater regardless of the con- 
centration of the filtrate used. It is of interest to note that the lower concen- 
trations of the test filtrate frequently show a greater augmentation during 
the earlier stages of growth, while increasing amounts give parallel increases 
of growth during the later stages. Throughout these tests, however, the 
regular filtrate (without filter paper) tended to show a lesser stimulation 
than the other at the same concentration. That a tenfold concentration did 
not show an increase in growth ten times as great, and the fact that the less 
concentrated filtrates show a greater acceleration during the earlier stages 
are indicative of other factors being limiting in effect on the utilization of 
superoptimal amounts of substance B by Colletotrichum circinans. The 
results of the higher concentrations are given in graphic form (fig. 1) to 



Fio. 1. The effect of filter paper on the production of substance B, as tested by 
Colletotnchum ctrcinans (discussion in text). 

show more clearly the difference of effects between the regular and the filter- 
paper filtrates upon Ihis organism. Both the data of table X and of figure 1 
indicate a steady acceleration of the tests over the control throughout the 
entire duration of the runs. That the above is not the case is shown by the 
calculations of ratios, one set of which is given in graphic form as figure 2. 
It becomes obvious that the growths of theHest cultures, as compared with 
the control culture, are very erratic, and that the more stimulative the filtrate 
the greater is its variability. Most of the tests show a marked stimulating 
effect during the first three days, an inhibiting one during the next several, 
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Fig. 2. The irref^ularity of stimulation at various time intervals (discussion in text). 

a second and lesser augmentation up to approximately the seventeenth day, 
no effect near the twentieth day, and a slijrht inhibition thereafter. No 
explanation is offered for these marked variations in the degrrees of accelera- 
tion durinp: the various periods of jyrowth. 

These same factors were tested by a second organism, viz., Aspergillus 
niger. The data of table XII reveal that the effectiveness of the test filtrates 
upon this fungus was the reverse of that shown by Colletotrichum circinaus. 
In this case, the regular filtrates showed a marked and consistently higher 
stimulatiiif* effect than those of the filter paper. 

This difference m effectiveness, as shown by the two test organisms, is 
further proof of the presence of both inhibiting and stimulating factors. 
It is also possible that the two test organisms are stimulated by two different 
metabolic products. Such an explanation, however, is not plausible. This 
is also shown by re(*ent work which indicates a greater and greater similarity 
of growth factors for the various microorganisms. It is tentatively assumed 
that the effectiveness is dependent upon the balance of stimulators and in- 
hibitors, and that a given balance may affect two test organisms in different 
manners. If it is assumed that the inhibitor and the stimulator mutually 
influence Asp(rgillus niger when present in the same concentrations, then 
the inhibitor (heteroauxiii ?) must accumulate in greater concentrations in 
the presence of filter paper than does the growth factor. If this assumption 
is true, the effect of the factor on Colletotrichum circinans must be more 
potent than the inhibitor. The results with Aspergillus niger alone could 
be interpreted as showing that filter paper augments the accumulation of 
an inhibitor and plays a lesser or no part in the accumulation of the factor. 
The results with Colletotrichum circinans are then indicative of different 
growth regulators or are proof that the above mentioned condition does not 
exist. On the other hand, if there are but two substances, and if the effec- 
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tiveness of these two contrasting factors are different reciprocally, their 
respective accumulations cannot be hypothesized from the data at hand. In 
any case, however, a given balance of the two contrasting factors must affect 
the two organisms in different manners. A fourth explanation is possible. 
The filter paper itself may contain a soluble substance stimulative to Colleto- 
trichum circinans and another inhibitive to Aspergillus niger. These sub- 
stances may have been carried over in the filtrates and thus exert an effect 
on the organisms. The concentration of any soluble substance of the filter 
paper in the ultimate test solution, however, would be so small that this 
possibility is of little value. Furthermore, all solutions were filtered with 
the same type of filter paper, thereby permitting the accumulations of any 
such hypothetical substances in both types of test filtrates. Regardless of the 
explanation accepted, the first being the more plausible, the addition of filter 
paper results in an increased acceleration for Colletotrichum circinans and 
a decreased augmentation for Aspergillus niger. 

General discussion and summary 

Pew studies in the metabolism of microorganisms have dealt with the 
quantitative production of the so-called growth factors. Such investigations 
have been limited by the lack of sufficiently specific tests. Until these factors 
have been isolated or at least freed from concurrently occurring inhibitors 
and other stimulators, and until either biological or chemical tests have been 
developed to measure a specific compound microquantitatively, it will be 
impossible to ascertain the effect of the environment or the composition of 
the substratum on the quantitative production of growth factors by these 
lower organisms. Therefore, present studies are nothing more than indica- 
tions in induced alterations in the effectiveness of a solution or tissue. They 
result in but a poor insight into the changes in effectiveness and fail to prove 
definitely whether the alteration is due to a change in the absolute amount 
of the growth factor or to a change in the balance between this factor (and 
other stimulators) and the inhibitors. Throughout this discussion it is to be 
remembered that the effects stated are those on effectiveness rather than on 
substance B itself. 

A survey of all tests run demonstrates the lack of a correlation between 
the amount of the growth factor produced (i.e,, total effectiveness) and the 
amount of Bhizopus suinus mycelia contributing to its production. Certain 
tests, however, do indicate a relationship of substance B production with the 
type of growth. Either a rapid initial growth or an intense spore produc- 
tion by the Rhizopus results in a greater Accumulation of the factor in its 
filtrate. Although most tests show a relationship between sporulation and 
substance B production, other results show that the fructifications are not 
a prerequisite for the formation of the factor. It is also possible that these 
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two types of growth are indicative of an early autolysis, and that it is this 
latter process which liberates the active principle into the liquid substratum. 

No relationship exists between the areas exposed per unit volume and the 
eifectiveness of the respective filtrates, even though the surface areas vary 
over a tenfold range. Since the work of others shows that the production 
of heteroauxin by Bhizopus sumns is dependent upon the surface area, and 
since this substance acts as an inhibitor to the test organism, it is plausible 
that the production of substance B is affected in like manner and that the 
constant effectiveness of the filtrates indicate rather the lack of change in 
the balance between stimulators and inhibitors. 

White light exerts little or no effect on substance B formation. The 
effects of monochromatic lights, on the other hand, were more marked. Yel- 
low light reduces greatly the effectiveness of the Rhizopus filtrate, while 
green and blue lights have the opposite effect. No tests were conducted to 
determine whether these effects were direct or indirect through the type of 
growth induced. 

A doubling of the size of the Rhizopus inoculum resulted in a significant 
increase in the effectiveness of the ultimate filtrate. This effect is most 
probably due to a more rapid initial growth followed by early sporulation 
and subsequent autolysis. 

('’lianges in temperature have the most marked effect of any agent tried. 
The cardinal temperatures for the production of this factor are: minimal, 
near 18® C. ; optimal, 31° C. ; maximal, 35 +° C. These effects are probably 
indirect through the type of growth or are the result of the effective balance 
of substance B and heteroauxin productions. 

One set of tests demonstrated that the production of substance B is 
directly related to the degree of aeration. 

One run tested the effect of filter paper on the growth factor accumu- 
lation. If tested by CoHefofrichvm nrcuuiris there was an acceleration in 
the production, while if tested by Aspergillus niger there was a slight 
decrease. Pour possible explanations were given. 

The variations noted for replicas of Rhizopus control cultures are pos- 
sibly due to additive effects of very slight variations in size of the inoculum, 
degree of aeration (i.c., tightness of wadding), the incident light, and the 
temperature. 

Sincere thanks and appreciation are extended to Dr. B. M, Duggar, of 
the University of Wisconsin, under whom this work was conducted and the 
protocol of this paper prepared. 

University of Georgia 
Athens, Georgia 
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EFFECTS OP pH AND THE COMPONENTS OP BICARBONATE 
AND PHOSPHATE BUFFERED SOLUTIONS ON THE 
METABOLISM OP POTATO DISCS AND THEIR 
ABILITY TO ABSORB lONS^ 

F. C. Steward and O. Preston 
(with nine figures) 

Introduction 

This paper eoiisists of two parts. The first concerns the effect of certain 
variables on the absorption of bromide by potato discs and experiments 
which were made by the senior author in the Division of Plant Nutrition, 
University of California, in 1933-1934. The second part describes the effect 
of similar treatments on the metabolism of potato discs and experiments 
carried out with the assistance of the junior author at Birkbeck Collegre, 
London, in 1937-1938. Since the results of the later work are essential for 
a full interpretation of that which preceded it, the two investigations are 
described together. 

Investigation of the effects of external pH presents an obvious approach 
to the problem of salt accumulation. It is, therefore, an essential part of 
any survey of the variables which affect this important process (18, 19, 20). 
Despite the great emphasis which others have placed upon the role of pH 
in salt absorption, detailed discussion of the effect of this variable on bro- 
mide absorption by potato discs has been long postponed. For some pre- 
liminary observations see (18). This delaj’^ was due to the knowledge that 
until the effects of a wide range of variables — including the nature and con- 
centration of neutral salts — ^upon the behavior of cells had been investi- 
gated, phenomena due to hydrogen ion per se could not be segregated from 
those due to other variable components of the system used to control pH. 
Knowledge of the metabolic processes of potato tissue and the way these 
are affected by neutral salts (21, 22, 23) is now adequate to permit investi- 
gation of the problem. 

Of the buffer systems which can be used to regulate the pH of solutions 
in contact with plant cells, that which depends upon the proportion of bicar- 
bonate to free carbonic acid is of outstanding interest since its components 
are metabolic products of cells. This paper contains a survey of the effects 
of pH, carbon dioxide, and potassium carbonate concentration. Though 
somewhat incomplete, it enables us to visualize the trend of the effect of 
these variables upon absorption and metabolism of potato discs and prepares 

1 This paper is the fourth of a series of papers on the biochemistry of salt absorption 
by plants. The writers are indebted to Prof. D. R. IIoagland for proofreading this paper. 
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the way for the rather formidable task which a still more complete investi- 
gation entails. A similar survey made with phosphate — ^buffered solutions 
shows the extent to which the effects obtained in bicarbonate solutions are 
peculiar to a particular buffer system. 

Methods 

Potato discs were used under the standard conditions which have proved 
conducive to salt accumulation. Bromide was used as an indicator of anion 
absorption and was supplied as potassium bromide at the same equivalent 
concentration throughout 'a series of experiments. All known variables, 
other than salt concentration and pH, which affect salt absorption were 
standardized as follows: temperature 23° C., mean disc thickness, 0.75 mm , 
number of discs in two liters of solution which was stirred (100 r.p.m.) and 
aerated (total gas flow 15 liters per hour) to maintain equilibrium with the 
oxygen tension in the gas used. This facilitated comparisons between a 
series of experiments which, though not run concurrently, were carried out 
in rapid succession using tissue from the same uniform stock of tubers. A 
standard experimental time of 70 or 72 hours was used. 

The experiments were of two general kinds : experiments at constant salt 
(potassium bicarbonate or phosphate) concentration but embracing a range 
of pH values; and experiments at constant pH in which the total salt 
(potassium bicarbonate or phosphate) was the variable. At constant potas- 
sium bicarbonate concentration, the range of pH values was obtained by 
changing the partial pressure (composition by volume at constant pressure) 
of carbon dioxide in the gas stream which flowed through the culture vessels. 
For the comparable procedure in the phosphate series free acid (H2SO4 or 
H3PO4) was added to solutions of potassium phosphate (K2HPO4) as re- 
quired. To reveal the specific effects due to these buffer salts (potassium 
bicarbonate and phosphate) without confusion with those due to pH, the 
total salt concentration was varied at constant pH, To eliminate confusion 
between the effects due to the free acid or anion and those merely due to the 
cation (K), certain experiments were also carried out at constant potassium 
concentration. In the latter case a low concentration of the experimental 
salt (potassium bicaijbonate or phosphate) was raised to the desired potas- 
sium level by the addition of the required amount of a salt (potassium sul- 
phate) in which the anion has been shown (22) to be without conspicuous 
effects on the metabolism of potato discs. 

The required partial pressure of carbon dioxide was obtained by com- 
bining streams of oxygen and carbon dioxide at known rates of flow. Oxy- 
gen was used in order that even the richest mixture (26.6 per cent. CO2) 
did not contain an oxygen pressure so low that behavior of the tissue would 
be limited thereby. Manifolds were connected to a high pressure source of 
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oxypren which delivered the total flow required at a constant rate which was 
refyulated by a reducing valve. A similar device was also used for carbon 
dioxide. For each gas mixture, the flow of oxygen and carbon dioxide, 
drawn off at convenient points on the manifolds, was regulated by separate 
needle valves which were adjusted in accordance with the readings of a 
calibrated flow meter (15) through which the mixture passed. Thorough 
mixing occurred in the large pressure stabilizers which were described with 
the original apparatus (15). The final adjustment of the needle valves was 
so made that the gas mixture passing through a wash bottle which contained 
the required bi(‘arbonate concentration, gave the requisite pH as seen by 
the indicator which was added for the purpose. The final record of the pH 
of the salt solutions actually in contact with the tissue was made by a glass 
electrode, but the indicator in the wash bottle gave warning if the mixing 
apparatus was not working faithfully. In this way the reaction of solu- 
tions was kept within narrow limits throughout the period of experiments. 
The volume percentage of carbon dioxide in the gas mixture used was 
recorded by gas analysis in a modified type of Hempel^s apparatus. 

Results 

The effect of pH, potassium bicarbonate, and dissolved carbon 
DIOXIDE ON bromide ABSORPTION 

The combined results of three experiments are assembled in table I. 
The choice of the concurrent treatments was determined partly by conveni- 
en(*e in operation and partly by considerations which need not concern us 
here; it is the impression which the combined results convey of the effect of 
pH, added bicarbonate, and carbon dioxide on the accumulation of bromide 
which is of interest. 

At constant bromide concentration, in the absence of added bicarbonate 
and in solutions in equilibrium with a gas free of carbon dioxide, the bro- 
mide uptake was not significantly affected by the extreme range of total 
potassium concentration which these experiments incurred. This factor 
can thus be ignored. It is very clear, however, that the components of the 
system which did affect bromide absorption profoundly were the concentra- 
tion of hydrogen ions, bicarbonate, and carbon dioxide. It remains to be 
seen which of these is the most important. 

At any given pH (pH 7.23 and 6.8) the effect of a simultaneous increase 
of bicarbonate and dissolved carbon dioxide is to greatly reduce the bromide 
absorbed ; so much so, in fact, that by such increases alone the accumulation 
of this ion was almost entirely suppressed even though all other variables 
were favorable. Ignoring for the moment the differences in pH (7.2 and 
6.8) at which two different experiments were conducted, it can be shown 
that over the range of added bicarbonate concentrations (0.0 to 0.020 equiv. 
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per liter) the relationship between bromide absorbed by the discs and either 
the external potassium bicarbonate concentration (fig. 1) or the volume per- 
centage of carbon dioxide in the gas phase, is smooth. At pH 7.2 and 6.8 
the curves are almost coincident and are linear over much of the range of 
bicarbonate (0.0 to 0.010 equiv. per liter) or carbon dioxide concentrations 
(0 to 8.0 per cent, by vol.) although they do deviate at higher bicarbonate 
concentrations from the straight line as they tend to approach somewhat 
asymptotically the bromide concentration of the external solution. It is, 
therefore, clear that some component of the system which is increased pro- 
portionally to the added bicarbonate or the dissolved carbon dioxide de- 
presses the bromide uptake. To fully map out the depressant effect of bicar- 
bonate and dissolved carbon dioxide at each pH value would be a consider- 
able task. It suffices for present purposes, however, to identify by a straight 
line the slope of the curve which expresses this relationship and, extra- 
polating this to zero bromide concentration, slight error will be encountered 
only at the highest concentrations of bicarbonate. 

In the absence of added bicarbonate, increased pressure of carbon dioxide 
in the gas phase caused lower pH in the solution ; when it became more acid 
than pH 6.9, the bromide absorption 'was decreased — especially so below a 
critical value of approximately pH 6.0 — ^v^hen the decrease was rapid (fig. 
1). As shown by paired cultures which received the same gas mixture, the 

Effect op khco . c CO. om Baoirtioc AasottprioN FeoM o ooi Eouiv KBt «>r’<^jwroOi»ca ^rr ZI*C 
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dissolved carbon dioxide, free to exert its unbuffered effect on pH, depressed 
bromide absorption much less than did the combined effect of dissolved 
carbon dioxide and added bicarbonate at more alkaline reactions. To ap- 
preciate the full ^ange of effects of bromide absorption (70 hr. at 23^ C. 
from 0.001 equivalents KBr per liter), the effect of pH and, at each pH, of 
increased bicarbonate and carbon dioxide concentration must be visualized. 
This can be done if three co-ordinates (bromide concentration in sap after 
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Fig. 1. 
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70 hr., pH of external solution, bicarbonate concentration in the solution or 
percentage by volume of carbon dioxide in the gas) are plotted simultane- 
ously (fig. 2). This method of presentation will be used throughout, as it 
permits the effects of several variables to be visualized simultaneously. 



Pio. 2. 


To specify completely the relationships of bromide uptake to pH in 
bicarbonate buffered solutions the surface of a solid model is required. By 
making the fullest use of the data available, it is possible to visualize the 
kind of surface which expresses these relationships. The solid model may be 
constructed in two different ways and each serves a useful purpose. 

The effect of pH and added KHCO 3 on bromide uptake. — In the sim- 
plest procedure, the two variables plotted are those which were set at arbi- 
trary values in the actual experiments; namejy, pH, and the concentration 
of potassium bicarbonate added to the solution. The third is the concen- 
tration of bromide olwerved in the sap after a 70-hour treatment. One sur- 
face of such a model (fig. 3) can be specified at once from the data at zero 
concentration of added potassium bicarbonate. At each pH, a section 
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through the model parallel to the bicarbonate concentration axis is bounded 
by the line, assumed for this purpose straight, which records the rate of 
decrease of bromide uptake with increased bicarbonate and carbon dioxide 
concentration. A sufficient number of these lines enable the surface of the 
complete model to be visualized. 

EFPeCT OP CQiKHCO^a WOKI ACCUMUL,ATIONi OF B«Ot»^IOR BV 
R>tato Discs Fmotn ASoLUTio»i oooi goutvs pwr Litre Duiei»4G 
Tp Momcft AT 23*0. 



Figure 8 shows that, in the absence of added bicarbonate there is a con- 
siderable range (pH 8.0 to 6.0) in which pH and dissolved carbon dioxide 
concentration have but little effect on bromide absorption. That a hundred- 
fold range of hydrogen ion concentration is without conspicuous effect on 
bromide uptake is in agreement with other results (6, 18, p. 1012) which 
show that salt absorption may be less dependent upon pH than upon other 
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variables. At reactions more acid than pH 6.0, bromide absorption was 
reduced and its decline with acidity implies that at about pH 3,5 bromide 
absorption should vanish (fig. 3). At increased bicarbonate concentration 
(0.001 equiv. per liter) bromide uptake was decreased at all reactions (table 
I; figs. 2, 3) and from the graph (fig. 2) it is clear that bromide uptake 
should vanish at a much less acid reaction (pH 4.5) in presence of 0.001 
equivalents of bicarbonate. 

Having fixed the reactions (pH 3.5 and 4.5) at which bromide uptake 
vanishes at zero concentration of bicarbonate and at 0.001 equivalents per 
liter, it can be estimated with sufficient accuracy for the intermediate con- 
centrations. The bromide concentration attained in the sap from solutions 
at pH 5.3 and two different bicarbonate concentrations can be found, and 
these values fix the steep slope of the bromide uptake-bicarbonate concen- 
tration Curve which intercepts the plane of zero bromide uptake (fig. 2) at a 
bicarbonate concentration of 0.002 equivalents per liter. At pH 6.8 and 7.2 
the data available fix the slope of the curve which represents the effect of 
bicarbonate and carbon dioxide on bromide uptake (fig. 2) with some cer- 
tainty; and by joining points at which bromide absorption vanishes, the 
probable boundary of the model is thus ascertained. At each of the two 
reactions (pH 7.7 and 8.3) data on bromide uptake are available for one 
bicarbonate concentration only. It can be obtained, however, at the other 
by reference to the well defined curves of figure 2. Although these two 
points represent the minimum to establish the slope of the line passing 
through them, these lines have been prolonged in figure 3 to the plane of 
zero bromide uptake. It will be shown later that the resultant figure and 
the curve in which it cuts the plane at zero uptake — a curve which specifies 
the conditions of pH and bicarbonate concentration which suppress bromide 
absorption — (*an be correlated with the metabolism of potato discs under a 
similar set of conditions. 

The characteristics of this model which are of interest are as follows: 
At constant pH the depression in the bromide absorption which is due to an 
increase in potassium bicarbonate concentration is a minimum at a pH of 
6.8; i.e., uptake is at a maximum. This reaction is near to strict neutrality 
and also to the pK value of carbonic acid as a monobasic acid. At pH = pK, 

(pH = 6.4) the ratio = 1. At reactions more acid than this the 

amount of free acid becomes rapidly much greater than the salt added ; at 
reactions more alkaline than pH = 6.4 the free acid decre€U3es until at pH 
8.3 it is virtually zer 9 t^ ^ince there is a greats effect of added bicarbonate 
at constant pH at boik more acid and more alkaline reactions than pH = 6.4, 
the effective component of the system cannot be immediately selected from 
all those which are affected by increased bicarbonate concentration. It is 
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suggestive that at acid reactions where the unneutralized carbonic acid ex- 
ceeds the salt present, the effect of increased bicarbonate concentration at 
constant pH is particularly great. 

The EFFECT OP pH and total carbonic acid on bromide absorption. — 
In figure 4, the variables plotted are bromide concentration in the sap (mg. 
equiv. per liter), pH of the external solution, and total carbonic acid in the 
solution; i.e.y that which is present as salt (KHCO3) plus the uncombined 
acid. For the bicarbonate solutions the free acid can be calculated from 

the relation pH = pKi i log where pKi = 6.4 and in the absence 

of potassium bicarbonate the total dissolved carbonic acid is given by the 
relationship : mols H 2 CO^ per liter = 3.645 x 10“^ x P, where P = partial pres- 
sure in atmospheres (volume percentage of CO 2 x total barometric pressure 
in atmospheres) of carbon dioxide in the gas phase. The data are given in 
table II. 

In figure 4, data from experiments at the same concentration of added 
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potassium bicarbonate all lie in a curved surface which cuts the basal plane 
of the model in a curve. This curve which traces out the increase in the 
total carbonic acid as a {?iven concentration of bicarbonate (initially at pH 
8.3), is brouprht to more acid reactions by dissolved carbon dioxide. Such a 
curve, at zero added potassium bicarbonate, defines one boundary of the 
model; another, at 0.001 equivalents of added KHCOi per liter, has been 
drawn. At points on these curves, indicated by the thin construction lines, 
ordinates have been erected which correspond with the experimentally ob- 
served bromide concentration in the sap. The several data at pH 7.2 and 
6.8, respectively, define twq vertical sections cut throufirh the model at these 
pH values® and the edpre of the section thus exposed (which can be treated 
as linear) represents the depressing effect at constant pH of total dissolved 
carbonic acid on bromide uptake. In this way two curves and two straight 
lines, which lie in the surface of the model, can be defined. At any driven 
total carbonic acid concentration vertical sections^ can be cut through the 
model (at right angles to the sections at constant pH) and ordinates erected 
to intercept the curves which lie in the surface and have been defined above. 
Observed data at pH 7.5 and 8.3 were insuflRcient to establish the section 
along these planes of constant pH value but, by prolonging to pH 7.5 and 
8.3 the slope of the lines which connect points in the surface of the model at 
the same total acid concentration, the experimental data can be supple- 
mented; thus sections through the model at these pH values may be estab- 
lished with sufficient accuracy for present purposes. 

This second model now corrects a possible misconception gained from the 
first. Both models show that at pH 8.3 (where free carbonic* acid can be 
neglected) the depressing effect of added bicarbonate (total carbonic acid 
present in the system) on bromide uptake is great. This effect must be due 
either to [HCOs'] or to this supplemented by fOH"] since the only free 
undissociated acid is that which arises from hydrolysis. The effect of in- 
creased concentration upon bromide absorption, per unit of total carbonic 
acid present, at constant pH, is a maximum at pH 8.3. It decreases pro- 
gressively at more acid reactions at which relatively more of the acid present 
is in the uncombined and undissociated form. This must mean that, as 
between bicarbonate ion and undissociated free acid, the most effective 
component of the bicarbonate buffer system which suppresses the uptake of 
bromide is the bicarbonate ion itself. It is equally clear, however, that other 
factors are involved. Were it not so, all of the data could be fitted to a 
smooth curve of bromide uptake plotted against bicarbonate ion concen- 
tration and this is not possible. Solutions which are acid due to carbon 

2 Where such sectiUUff cut the surface of the model is shown by a chain-dotted line in 
the figure 

3 Where such sections cut the surface of the model is shown by a broken line in the 

figure ( ). 
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dioxide, unbuffered by potassium bicarbonate, exert on bromide uptake a 
retarding effect which is out of all proportion to the bicarbonate ion which 
they contain ; this suggests that the free carbonic acid also has its specific 
effects on the bromide absorbed — either due to the undissociated free acid 
or the H+ per se. 

In the absence of added bicarbonate the bromide uptake is but little 
affected by increased concentration of dissolved carbon dioxide between pH 
7.7 and 5.9 ; but at more acid reactions it is depressed and, in the pH range 
7.7 to 4.7, the data fall on a straight line, the empirical equation of which is 
17 3 

[Br] =17.3“j^x [dissolved CO 2 ] where the concentrations of bromide in 

the sap and carbon dioxide in the solution are expressed in milligram equiva- 
lents and millimols per liter, respective!}". 

In the presence of added bicarbonate the effect of increased carbon 
dioxide on bromide accumulation is due to the combined action of the bicar- 
bonate and the free acid. Although the concentration of salt and free acid 
is either known or can be calculated at the given pH values, the data are 
hardly adequate to derive a satisfactory empirical relationship between 
dissolved carbon dioxide, bicarbonate, pH or [H+], and bromide absorption 
which covers the full range of conditions. Such a relationship could not do 
more than describe comdsely the models shown — it would not alone explain 
the effects of bicarbonate and carbon dioxide on bromide uptake, since these 
factors clearly operate through the metabolic processes which are involved 
in absorption and which have yet to be described. 

It happens that all of the data in tables I and II lie on a smooth curve 
of bromide uptake plotted against total carbonic acid in the external solu- 
tion. This relation is not general, however, and would probably not hold 
at high concentrations of total carbonic acid and reactions more alkaline 
than pH 7.7. 

At any given pH value, a simultaneous increase of potassium bicarbonate 
and dissolved carbon dioxide retarded, and eventually suppressed, bromide 
uptake. Both salt (bicarbonate ion) and free undissociated acid (H2CO3) 
contributed to this effect which Avas clearly not due to the H and OH ions. 
If the effect of bicarbonate is additive to that of carbonic acid, then simple 
calculations show that at constant pH, near neutrality, the drop in bromide 
concentration in the sap due to the external bicarbonate was 1.1 milligram 
equivalents per liter of sap per milligram equivalent of bicarbonate in 1 
liter of external solution. 

The retardation of bromide uptake which was due to increase of potas- 
sium bicarbonate concentration at constant pH is the more interesting 
because increased concentrations of other potassium salts (with anions Cl, 
Br, NO3) stimulate all those processes which are concerned in salt accumu- 
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lation (22). Therefore, the processes which are deemed essential to salt 
uptake should be suppressed by increased concentrations of total carbonic 
acid at constant pH and evidence to be described shows that this is, in fact, 
the case. 

Specific effects of pH on bromide uptake. — ^An obvious difficulty is to 
ascertain from the evidence whether H+ and OH" have any direct effect 
upon bromide uptake. In solutions enriched with bicarbonate, the bromide 
uptake falls off more at alkaline reactions than near neutrality and this 
result is evident from the models (figs. 3 and 4) whether one compares cul- 
tures of constant potassium bicarbonate concentration or of the same total 
carbonic acid concentration. If the bromide uptake was influenced only by 
the bicarbonate ion and the free acid then, since their relative effects are 
almost equal at pH 7.0, the effect of increased carbonic acid in the system 
should be independent of pH provided the total (bicarbonate and dissolved 
carbon dioxide) remained constant. Figure 4 shows that such is not the 
case. At reactions more acid than pH 5.9 and more alkaline than 7.2, bro- 
mide uptake is less than at the intermediate reactions; this effect becomes 
the more conspicuous as the total capacity of the tissue to absorb is retarded 
by carbon dioxide and bicarbonate (see vertical section through model of 
figure 4 along 0.014 x 10"® mols total CO 2 per liter). Such effects obtained 
in the more acid and more alkaline reactions are attributable only to acidity 
and alkahnity per se and, therefore, to specific effects of H^ and OH". This 
statement is made only after a full attempt to account for the effects ob- 
served solely on the basis of the calculated concentrations of bicarbonate 
ion and undissociated carbonic acid without reference to H^ and OH". 

There is thus a range, relatively broad in the absence of bicarbonate, 
within which bromide uptake is not much affected by hydrogen ion concen- 
tration and its attendant variables, Beactions near to neutrality, however, 
are at any given total concentration of added carbonic acid, more favorable 
to bromide uptake than either more acid or more alkahne solutions. The 
investigation of the effects of carbonic acid and bicarbonates on metabolism 
shows that metabolic processes now known to be closely associated with bro- 
mide uptake are similarly affected and show optima near pH 7.0. The view 
that these are, in fact, effects due to H and OH ions is strengthened because 
similar results have been obtained in solutions of other buffer salts; e.g., 
phosphates. 

These data predict the acid reactions at which bromide uptake should 
vanish. In solutions unbuffered by bicarbonate there are no data above pH 
8.3. The form of the models suggests that ati still more alkaline reactions 
bromide uptake might also decline and eventually vanish. This problem, 
upon which it is interesting to speculate, can be solved only if experiments 
are carried out with other buffer systems, or in a range of pH where the 
second dissociation of carbonic acid operates. 
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Summary op the effects of the components of the HC0r/H2C03 
BUFFER SYSTEM ON BROMIDE UPTAKE, — The effect of bicarbonate and dis- 
solved carbon dioxide on bromide uptake is complex. The components of 
the carbon dioxide buffer system depress absorption. Combined and free 
carbonic acid both depress bromide uptake and at pH 7.0 their relative 
effects are approximately equal. The indications are that the undissociated 
free acid in the system is less effective than the bicarbonate ion in retarding 
bromide uptake. A full interpretation of all the facts cannot evade ^ects 
which must be ascribed specifically to H and OH ions — effects which operate 
in such a fashion that reactions near neutrality become especially conducive 
to bromide uptake. This is particularly true when the total absorption is 
already reduced by the effects of added carbonic acid. 

The EFFECTS OF pH;, dissolved carbon dioxide, and POTASSIUM BICARBONATE 
ON THE METABOLISM OP POTATO DISCS 

The EFFECT OF INCREASED KHCO 3 AND CO 2 CONCENTRATION AT pH 6.5. 

The most striking feature of the effect of the components of the C 02 /HC 03 “ 
buffer system upon bromide uptake is that at a constant pH, bromide accu- 
mulation is progressively decreased, and eventually suppressed, by the 
simultaneous increase of potassium bicarbonate and dissolved carbon di- 
oxide. This is true even though all other variables remain at values con- 
ducive to a high degree of salt accumulation. If bromide absorption is to 
be correlated with a particular aspect of metabolism, then this should be a 
process which is retarded by these treatments. Therefore, investigation of 
the metabolic processes so affected will go far to identify those which are 
essentially concerned in bromide absorption. 

Discs exposed to aerated solutions of potassium bicarbonate at constant 
pH do not brown as much in the strong as they do in the dilute solutions or 
in distilled water. Usually (21, 22) increased concentrations of potassium 
salts tend to accentuate the surface browning reaction. Since bicarbonates 
are unusual in this respect, it is to be expected that the specific effects of 
the bicarbonate and dissolved carbon dioxide on metabolism would operate 
through processes which are linked with the activity of the oxidase (phe- 
nolase) system of the potato tuber. Experiments which were carried out at 
pH 6.5, show that this is the cfise; this is tbejpH at which the buffer effect is 
at its maximum. 

From table III and figure 5, it is apparent that the protein synthesis 
which normally occurs in potato discs in distilled water or in dilute potas- 
sium bicarbonate solution is almost completelfy suppressed by an external 
concentration of 0.02 mols per liter and its attendant carbon dioxide con- 
centration. This result, as well as much other evidence not given here (21, 
22, 23) suggests that protein synthesis plays an indispensable part in the 
accumulation of bromide by potato discs. 
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Further analysis of the soluble nitrogen fractions shows that, as pre- 
viously recorded (21, 22), the nitrogen used in synthesis is mainly amino-N.* 
The treatments which in the experiment of table III depressed synthesis 
(compare cultures at 0.005 and 0.020 equiv. KHCO,) also retarded the utili- 
zation of amino-acid but not to the some degree, ^When there was little gain 
of protein in the tissue (cultures at 0.020 and 0.040 equiv. KHCO3) more 
amino acid disappeared than reappeared as protein and the excess was ac- 
counted for by an increase in the unstable amide-like compound which has 
previously been noted (21) and which was then regarded as a possible^ reac- 
tive intermediary between amino-acid and protein. It thus appears that 
the combined effect of bicarbonate and carbon dioxide is not exerted exclu- 
sively upon the deamination of the amino-acids, but even more upon the 

EfWicT OF COt kHCoanHoN Nrruo— »i Fm»cTioi>j> or ffcrwrp Discs At 
9w wniw g iw « js >g 

■■■•PHanr«tNN.tMra« K CZD • H«Anr tiTMMJi Amm. CSSEZ3 » Hsmt Ahio^ 



Fig. 5. 


later stages of protein synthesis in which the reactive intermediaries are 
converted to protein. As the intermediates accumulate in bicarbonate cul- 
tures which depress synthesis they, in turn, tend to depress the deamina- 
tion of the amino-acids. It will be recalled that when potassium salts stimu- 
late synthesis they do so by affecting both the deamination of amino acid 
and the use of the reactive amides which are supposed to be intermediates in 
synthesis. When calcium salts depress s.rathesis, however, the unstable 
amides do not accumulate. 

The effect of pH at constant bicarbonate concentration. — Super- 
imposed upon the effect of bicarbonate and dissolved carbon dioxide, which 
at constant pH does not concern the H and OH ions, there is at any given 

* Amino-N free from confusion with heat unstable amides which react both in the 
amide and the Van Blyke determination. 
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concentration of KHCOa, an effect on protein synthesis which must be due 
primarily to these ions. This is shown by the data of table IV which are 

TABLE IV 

Effect of pH in KH00» buffered solutions (0.003 equiv. per liter) on the nitrogen 
FRACTIONS OF POTATO DISCS AT 23® C. AND 72 HOURS* 


Sample 

pH 

Protein 

N PER 
GM. 
FRESH 
WT. 

Soluble 
N PER 
GM. 
FRESH 
WT.^ 

Pro- 
tein N 

Solu- 
ble N 

Amino 

N 

Amide N 

Am- 
monia t 
N 

Stable 

Un- 

stable 



mg. 

mg. 

% 

%. 

% 

% 

% 


Initial 



0.62 

1.46 

29.8 

70.2 

1 55.0 

8.6 

6.2 


Final 

5.32 

0.63 

1.42 

30.7 

69.3 

51.7 

11.2 

6.3 


1 i 

•6.12 

0.82 

1.25 

39.6 

60.4 

46.3 

9.2 

4.9 


i i 

7.00 

0.95 

1.09 

46.6 

53.4 

43.6 

8.4 

6.4 


i ( 

8.74 

0.59 

1.39 

29.8 

70.2 

54.0 

9.0 

6.5 



* Absolute units, milligrams nitrogen per gram initial fresh weight. Results expressed 
on a percentage basis are relative to total nitrogen, 
t Negligible — 0.001 mg. per gm. fresh weight. 


illustrated in figure 6. It is clear that protein synthesis is at a maximum at 
pH 7.0 and that it declines hotJi in more acid and more alkaline solutions. 
It will appear later that similar results are obtained in phosphate buffered 
solutions although specific effects of phosphate and bicarbonate on protein 
synthesis are quite different. This effect of pH must, therefore, be due to 
H and OH ions specifically. 

The detailed analyses of the soluble nitrogen fractions simply show that 
the effects of pH are exerted mainly upon the utilization of the amino-acid 
fraction. The changes in total soluble nitrogen and amino nitrogen run 
parallel throughout and they are complementary to the observed change in 
protein nitrogen (table V). 

Combining now the results at constant pH and at constant bicarbonate 
concentration in figure 6, it is impossible to ignore the similarity between 
the effects of these treatments on protein synthesis and on bromide accumu- 
lation. In both eases the process in question is retarded and eventually 
suppressed by increased concentrations of bicarbonate and dissolved carbon 
dioxide ; at a given salt concentration, it exihibits an optimum at a pH value 
of 7.0. It is to be concluded, therefore, that the specific effects of the com- 
ponents of the H2C08/HC0«’ buffer system and of pH on bromide absorp- 
tion are linked with their effect on protein synthesis — a process with which 
bromide uptake in potato discs is closely associated. 

Effect of pH, bicarbonate, and dissolved carbon dioxide on the relative 

ABSORPTION OP ANION AND CATION 

The absorption of potassium in the experiments of table I presented a 
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more diflBicult problem than that of bromide. It is complicated by the effect 
of the treatment on the high concentration of potassium which existed in 
the initial tissue (76 mg. equiv. per liter of sap) and which, under condi- 
tions unfavorable for absorption, may leave the cells. It is necessary to 
examine the results obtained to see whether these variables affect potassium 
and bromide absorption in a similar fashion and to ascertain whether the 
evident connection between protein synthesis and bromide uptake applies 
equally to potassium absorption. 

The effect of pH on the absorption of potassium and on the potassium 
content of the initial tissue^ can be seen in the first part of table V.® The 
different experiments w^ere conducted at various total potassium concen- 
trations which are shown, though they were all at constant bromide concen- 
tration and in the absence of bicarbonate. It is clear that the concentration 
of the only mobile anion (Br), which was constant, had a greater control 
over the uptake of cations than the varying concentration of potassium sul- 
phate in the range shown. If potassium sulphate concentration had any 
tendency to increase potassium absorption, allowance for this would merely 
accentuate the effect of pH to which reference will now be made. 

At neutrality (strictly pH = 6.9) absorption of potassium and bromide 
was in equivalent amounts — a fact which has often been observed for potato 
discs in potassium bromide solutions. At more acid reactions, due to in- 
creased concentrations of carbon dioxide, there was an apparent decrease in 
the potassium absorbed. This was due to the effect on the absorption of 
potassium bromide but also to the effect of carbon dioxide on the loss of 
potassium which was present initially in the tissue. This loss was so great 
at acid reactions (pH < 6.0) that it entirely masked the potassium absorbed 
along with bromide. Although the data are limited at reactions more alka- 
line than pH 7.0, there is a strong suggestion that these also caused loss of 
the potassium previously stored in the cells. The obvious conclusion is that 
the tissue retains its stored potassium best under those conditions most 
suitable for protein synthesis. 

Reference may be made here to a similar, though even more striking, 
case to which a similar conclusion applies. After prolonged storage of 
tubers at low temperatures, potato discs no longer retain their salts against 
aerated distilled water (17, p. 536) ; they lose the capacity to grow as shown 
by meristem formation in moist air, and it is now known that they also lose 
their ability to synthesize protein,^ Though as yet unpublished, these re- 
sults strengthen the conviction that the observed effect of pH and carbon 
dioxide concentration on the loss of potassium from the cells is causally 
connected with their effect on protein synthesis (fig. 6) . This suggests that, 

e For tiieae potassium analyses we have to thank members of the laboratory of Plant 
Nutrition, University of California, Berkeley, California. 

• Bata in thesis of T. K. Bamamukti, University of London. 
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in order to retain their solutes against distilled water, the cells cannot 
merely remain static; they must also be capable of synthesizing protein. 
The evident connection between protein synthesis and the ability of cells to 
retain potassium in their sap, recalls previous observations that the discs 
must maintain an unexpectedly high rate of respiration in order to retain 

gPFBCT OP CO». Hcol Ir bH CM PHOTWKl t SoL-UBI-a Nl. om 



their salts (18, pp. 215-234). These residts stand in contrast to the long- 
cherished conception of a passive “semi-permeable” structure by which cell? 
retain the solutes contained in their vacuoles. It must be recognized that 
the metabolic processes of respiration and protein synthesis are equally 
necessary to retain salts after they are accumulated as they are to produce 
the high internal salt concentration de novo. 
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The effect of bicarbonate and dissolved carbon dioxide concentration at 
constant pH is revealed by two series of data from experiments at different 
total potassium concentrations. In the presence of added bicarbonate, the 
absorption of potassium always p:reatly exceeded the absorption of bromide, 
even at reactions close to neutrality (pH 7.23 and 6.8). At contant pH, the 
potassium absorbed in excess of bromide increased with bicarbonate con- 
centration up to an optimum concentration above which, presumably owin^ 
to the effects of dissolved carbon dioxide, further increase reduced the total 
absorption of potassium as well as its excess over the bromide absorbed. 
There can be little doubt that the potassium absorbed which was unaccom- 
panied by bromide was absorbed along with bicarbonate ion and that this 
process occurred under conditions such that protein synthesis and bromide 
uptake were reduced almost to zero (culture at 0.020 mol. KHCO,* and pH 
6.8, table V). The absorbed bicarbonate, however, did not remain as such 
in the sap; when this was acidified, it yielded little more carbon dioxide 
than did the normal sap. The presumption is that potassium bicarbonate 
was absorbed as such and reacted with the or{?anie acids of the sap. This 
process represents at least a transitory means hy which the cells accumulate 
potassium independently of protein synthesis and of growth althouprh it 
can persist only so long as the stored reserves of organic acids remain or are 
replenished. The final result would be the same if potassium exchanged for 
hydrogen ion supplied by the organic acid. Some may prefer this interpre- 
tation but it leaves the role of bicarbonate in the solution without explana- 
tion. 

Further work on this point is necessary but there seem to be grounds for 
homologizing this uptake of potassium by potato discs with the brief but 
rapid uptake of potassium by ‘Mow salt^^ barley roots during which, if it 
occurs from potassium bicarbonate, organic acids increase in the cell sap. 
Potassium may be absorbed, therefore, by distinct mechanisms which bear 
different relationships to metabolism. The absorption of potassium from 
bicarbonate solutions presents a very special case — it is clearly less depen- 
dent upon certain aspects of metabolism (protein synthesis and processes 
linked with it) than the absorption of potassium bromide. The extent to 
which it is conditioned by oxygen in the external solution remains an inter- 
esting problem for the future.^ 

The unequal absorption of anion and cation may be a contributory cause 
of the metabolic effects which obtain in bicarbonate solutions. Hoaoland's 
observation that barley roots respond to bicarbonate absorption by actual 
increase in their organic acid content has beeh noted. Indications that the 
centers of protein synthesis in potato discs respond to unequal absorption 

y In barley root experiments, Hoaoland and Beoybr have shown that tlie ab'sorption 
of potassium from bicarbonate solutions does not occur at very low oxygen concentrations 
(private oommunteation to the authors). 
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of cation and anion as though they operate best under conditions of strict 
neutrality, have been noted elsewhere (21). Equal uptake of both ions 
from some potassium salts (KBr) with its concomitant synthesis and the 
fact that both synthesis and uptake are increased by greater concentrations, 
contrast with the unequal uptake of calcium salts (accentuated perhaps by 
the possible fixation of the cation as insoluble compounds) and the depres- 
sion of synthesis which greater concentrations cause. In potassium bicar- 
bonate solutions the final effect is as if the cation were absorbed unaccom- 
panied by anion (or exchanged for hydrion) and this condition of ionic un- 
balance is associated with a markedly depressed protein synthesis. More- 
over, both in phosphate and bicarbonate buffers at constant total acid the 
synthesis is a maximum at a neutral external reaction of 7.0. Hence the 
relation between protein synthesis and salt uptake is not merely that syn- 
thesis is a vital property of growing cells which makes uptake possible. It 
is that continued absorption, like synthesis, does not tolerate the conse- 
quences of ionic unbalance due to unequal intake of anions and cations by 
the cells and it is favored by external solutions with reactions close to strict 
neutrality. If disturbance in the metabolic machinery is the consequence 
of such ionic inequality, one may well look for its explanation in the be- 
havior of the organic and amino acids. The whole tendency is to conserve 
the latter in the presence of bicarbonate and avert their conversion to 
protein. 

The effect op pH, potassium bicarbonate, and carbon dioxide concen- 
tration ON THE respiration AND METABOLISM OF 
CARBOHYDRATE OP POTATO DISCS 

The direct determination, by carbon dioxide evolved, of the respiration 
of potato discs in solutions rich in bicarbonate and dissolved carbon dioxide 
presented too great technical difficulties to be profitable. Indirect deter- 
minations by the change in total carbon in the tissue due to respiration was 
complicated by the loss of carbon which the tissue sustains when it is blotted 
dry with paper (23) and by the absorption of bicarbonate from the external 
solution. Consequently, the effect of the treatments already described on 
respiration cannot be stated very precisely. It is clear, however, that respi- 
ration, like the phenolase activity and protein synthesis, was retarded at 
pH 7.0 in the presence of bicarbonate (0.020 N) and dissolved carbon dioxide 
(solution in equilibrium with 20 per cent. CO 2 by volume). This was dem- 
onstrated by using tissue of a variety different from that used in experi- 
ments 1, 2, and 3, and by comparing the total heat content (bomb calorimeter 
determination), starch and sugar content of initial washed dis(*s, and com- 
parable samples after 70 hours of contact with either bicarbonate solution 
at pH 6.5 or the equivalent strength of potassium sulphate. 
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111 the tissue in the bicarbonate solution the hydrolysis of starch to sugar 
(j5nal sugar, 0,24 gm. ; final starch, 3.10 gm. per 40 gm. initial fresh weight) 
was retarded in comparison with that which received the sulphate treatment 
(final sugar, 0.34 gm. ; final starch, 2.75 gm. per 40 gm. initial fresh weight). 
The total carbohydrate recovered (starch + starch equivalent of final sugar) 
was greater in the bicarbonate culture than in the sulphate. The still out- 
standing loss of carbohydrate (initial tissue contained 4.16 gm. and the 
bicarbonate treated 3.32 gm. total starch per 40 gm. fresh wt.) in the tissue 
treated with bicarbonate solution at pH 6.5 was due partly to carbon losses 
incurred in blotting the discs (23), and partly to respiration or other meta- 
bolic processes which were not separately measured. One must make the 
same allowance (estimated at 0.42 gm. per 40 gm. initial tissue) for loss of 
carbohydrate owing to the formation of the surface film of mucilage in the 
bicarbonate series, as that which is necessary to ‘‘balance” the carbohydrate 
balance sheet of the potassium sulphate series. It then appears that at pH 
7.0 in contact with 0.020 N potassium bicarbonate and the appropriate carbon 
dioxide concentration, 40 gm. of this tissue (in which protein synthesis was 
depressed but not completely eliminated) respired 0.42 gm. of starch in 70 
hours as against 0.64 gm. in bicarbonate and carbon dioxide-free solutions. 
The total heat change in the discs also indicated that respiration was de- 
pressed in presence of bicarbonate and dissolved carbon dioxide but the 
precise effect must be determined by other methods. Knowing the general 
parallelism between the effects of other salts on respiration and protein syn- 
thesis (23) and also the phosphate experiments in this paper, the trend of 
the effect of the bicarbonate and carbon dioxide treatments on respiration 
may be inferred from their effects on protein synthesis which are here re- 
corded. Adopting this standpoint, the now oft-repeated parallelism be- 
tween bromide absorption and respiration of potato discs would again 
emerge — a treatment ( increased bicarbonate concentration) which depresses 
bromide uptake has a similar effect on respiration.^ 

Carbon dioxide has somewhat unexpected results on living (*elLs. The 
observations of Thornton (26) and Fife and Prampton (3) have given 
prominence to an effect of carbon dioxide on the pH of the cell and show 
that this is not always predictable on a priori grounds. Fife and Prampton 
showed that the explanation of the unexpected shift toward alkalinity in 
the sap of carbon dioxide-treated cells lies in its effect on systems in the cells 
which catalyze the hydrolysis and re-synthesis of amides — ^reactions which 
occur only in the living tissue in the presence of oxygen (3, 26). Actual 
testa ahowed that this effect did not enter appreciably into the behavior of 
8 Evidence frcnn the researches of A. Ulbich on barley roots (in course of publica- 
tion) suggest that the respiiatory quotient may be altered when accumulation of K 
occurs from a solution of KHOOa. Further investigation of this possibility with refer- 
ence to potato tissue would be of interest. 
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immersed potato discs at pH 7.0. Pipe, at the author request, made tests in 
1934 which showed that the shift in pH toward alkalinity in the sap ex- 
pressed from potato discs which have been exposed to high concentrations of 
dissolved carbon dioxide (equilibrium with 2 atmospheres pressure CO 2 ) 
was only slight (pH 0.26), At the same time, the detailed analysis in tables 
III and IV did not show the free ammonia to be expected if amide hydroly- 
sis had occurred extensively. It will be recalled, however, that the tissue 
at pH 7.0 in solutions rich in bicarbonate and dissolved carbon dioxide did 
not show the usual symptoms of oxidase activity and it is here, through some 
esential property of the living protoplast, that the mechanism must be sought. 
From the evidence presented it is clear that the effect of bicarbonate and 
dissolved carbon dioxide on metabolism embraces the nitrogen compounds 
although mainly in a way other than that which Fife and Frampton (3) 
described for the beet plant exposed to carbon dioxide gas. The response 
of beet leaves to CO 2 is rapid and considerable (increases of pH approach- 
ing 1.0 pH unit were observed by Fife and Frampton in 60 minutes). 
Thornton work was done on much larger masses of tissue in a gas phase 
and the response, though considerable, required a longer period. A possi- 
bility that thin discs would react even more than the large masses was 
evidently not realized. This difference is most probably due to factors 
incidental to the use of discs immersed in aerated solution, though the possi- 
bility that the reversibility of the effect, which Fife and Frampton observed 
for beets, is so accentuated in these discs that their reaction is reversed be- 
fore sap can be expressed and measured may have to be considered. Even if 
this were the case, the clue to the metabolic effect of carbonic acid and bicar- 
bonate solutions should be with the permanent, rather than the transient, 
results of such treatments. 

Experiments made on the effect of pH and phosphate concentration on 
the respiration and nitrogen metabolism of potato discs afford an interesting 
comparison with the bicarbonate series from which the effects specifically 
due to H and OH ions may be inferred. 

The effect of pH and phosphate concentration on the metabolism 

OF potato discs 

The trend of the effects of total phosphate concentration and of pH in 
phosphate buffered solutions is shown by the results of two series of experi- 
ments. One is conducted at constant pH and the other at constant total 
concentration of total phosphate and potassium; otherwise both are con- 
ducted under identical conditions of time, temperature, aeration, etc. These 
variables are fixed at the same arbitrary values used in the bicarbonate ex- 
periments so that direct comparisons can be made between the two series of 
experiments. 
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The effects due to varying concentration of total phosphate were deter- 
mined at pH 6.9. This is a reaction close to strict neutrality and at the 
pICa value of phosphoric as a dibasic acid where the buffering effect of po- 
tassium dihydrogen phosphate in presence of potassium monohydrogen phos- 
phate is at its maximum. The effects due to pH were determined at (*onstant 
concentration of 0.020 mol per liter of total phosphate. To eliminate con- 
fusion due to variable concentration of potassium, the solutions had their 
potassium content raised where necessary, to a constant level of 0.040 equiva- 
lent per liter, by the addition of potassium since the sulphate ion has only 
slight influence on the metfibolism of potato discs. The composition of the 
solutions used is given in table VI. 


TABLE VI 

Composition or buffer mixtures for experiments at constant phosphite 

AND POTASSIUM CONCENTRATION* 


pH 

Solution A to 

Solution B to 

Solution C to 

2 liters 

2 LITERS 

2 liters 


ml. 

ml. 

ml. 

8.04 

133 

137.0 


7.46 

133 

112.0 

25.0 

6.95 

133 

73.0 

64.0 

6.48 

133 

33.0 

104.0 

5.96 

133 

14.6 

122.4 

6.82 



270.0 


♦Stock Soln. A = 0.a M KHaPO^. 
Stock Soln. B = 0.3 M KOH. 
Stock Soln. C=0.15 M K,SO,. 


To arrive at these desired mixtures stock solutions of 0.3 M KH 2 PO 4 and 
KOH were prepared and, using the glass electrode, the titration curve of the 
one against the other was determined and from this the volume mixtures 
necessary for any desired pH could be ascertained.” 

For the experiment at constant pH a phosphate buffer mixture at pH 
6.9’^ was prepared which was then diluted so that the desired total phos- 
phate concentrations were obtained ; namely, 0.002 M, 0.01 M, 0.025 M, and 
0.040 M. The last was too strong and, because of the less turgid condition 
of the tissue in this solution, no safe conclusions could be drawn from this 
culture. These data are therefore omitted. 

The effect of the above treatments can be represented by a method 
similar to that previously adopted for the bicarbonate experiments. 
Respiration rate and protein, or soluble nitrogen, content of the discs were 
plotted on isometric paper against both pH of the external solution and the 
»See Holt, LaMeb, and Ohown (7) for a diBCussion of the ionic equilibria in 
phosphate solutions at different pH’s; also Clark (2). 

One liter of 2 M/5 KHaPO* + 720 mL 2 M/5 KOH, the mixture diluted to 2 liters. 
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total phosphate concentration. The data obtained identify two sections cut 
through a solid model, the surface of which describes the inter-relationships 
of the three variables concerned. Sufficient data to identify such surfaces 
completely would involve a rather formidable investigation which it might 
be difficult to complete before the changes which ensue during storage 
affected the behavior of the tissue. The experiments were so planned, 
however, that the more limited data available permit one to discern the gen- 
eral trend in the effects which were obtained. 

Respiration. — The time curve of respiration of tissue in phosphate buf- 
fered solutions at pH 6.9 is identical in form to that already shown for tissue 
in distilled water or certain neutral salt solutions (CaClg). It consists of 
an initial period during which the respiration rises to a value which is sub- 
sequently maintained for long periods. Phosphate cultures at acid or alka- 
line reactions introduced further complications into the initial period and 
it is not proposed to deal with these at length here. It will suffice to state 
that the (‘arbon dioxide removed by the air stream from the cultures in the 
first period increased progressively from the more alkaline to the more acid 
solution. This was doubtless due to the bicarbonate which remained in the 
more alkaline solution. Later in the time drift cultures, both more acid and 
more alkaline than pH 6.9, it produced a transient increase in respiration ; 
this had, however, elapsed before the period of 26 to 72 hours to which par- 
ticular attention will be directed. 

The effect of increased concentration of total potas.sium phosphate on 
respiration is revealed by the series at constant pH (table VII). Those 


TABLE VII 

of kxternal pIT on respiration* of potato discs in potassium phosphate 
BIFFERS (0,020 M) or CONSTANT K CONTENT (0.040 EQUIV.) AT 23° C. 


External pH 

5.96 

6.48 

6.95 

7.46 

8,04 

Reapiration r.ato 

0.207 

0.299 

0.325 

0.302 

0.234 

Relative respiration rate 

6,3.8 

92.0 

100.0 

93.0 

72.0 


* Respiration rates = mean rates in mg. CO^ per gm. initial fresh wt. per hour 

for period 26 to 72 hours of exp. 

Relative respiration rate = culture at pH 6.95 as 100. 


effects are due either to potassium or to the simultaneous and proportional 
increase in H 2 P() 4 ’ and HPO 4 '; the relative amounts of these are equal in 
solutions of pH equal to the pKa value of the second dissociation of phos- 
phoric acid (pH = 6.9). Total phosphate concentration increased respira- 
tion at pH = 6.9 (table VIII, fig. 7) ; this might be expected from the preva- 
lent belief that hexose phosphate plays a prominent role in respiration. 

It is well to emphasize, however, that the increase observed is not con- 
spicuously greater than the response obtainable with potassium nitrate and 
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TABLE VIII 

ErFBOT OF TOTAL CONCENTRATION OF POTASSIUM PHOSPHATE BUFFER ON RESPIRATION 
RATE* OF POTATO DISCS AT PH 6.9 AND 23° 0. 


Molar concentration phoi^hate 

0.0 

0.002 

I 0.010 

0.025 

Respiration rate 

0.193 

0.204 

0.245 

0.367 

Relative respiration ratet 

100.0 

106.0 

127.0 

190.0 


* Bespiration rates = mean rates m mg. COa per gm, initial fresh wt. per hour 

for period 26 to 72 hours of exp. 
t Relative respiration rate culture in distilled water = 100. 


it is actually less than the response which has been obtained in ammonium 
sulphate and nitrate solutions (unpublished experiments). The interpreta- 
tion of the mechanism of the phosphate response can be deferred, but it is 
clear that the doubtful specific effect of phosphate, unlike that of bicarbon- 
ate, is to increase respiration. 

Despite the contrast in the effects due to the two anions, the effects of pH 
on respiration in phosphate buffered solutions (table VII, fig. 7) are similar 
to those of pH on protein synthesis (and presumably also on respiration) 
in bicarbonate buffered solution. After the respiration had attained some- 
what steady levels during the last 36 hours of the treatments, the maximum 
respiration occurred at pH 6.9. When data from the two experimimts are 
combined (fig. 7) the probable form of the surface which depicts the effect 
of phosphate concentration and pH on the respiration of potato discs can 
be visualized. 

The general effect of pH on respiration. — Tlie literature contains no 
other record of the effect of phosphate concentration and pH on the respira- 
tion of potato discs similar to figure 7. Reported attempts to show the 
effect of pH suffer from inadeguate appreciation of the variables which 
affect the behavior of potato discs. Lemmon (8) and Boswell (1), both 
working with potato tissue, used the Warburg manometric method — a tech- 
nique the full implications of which have not been adequately investigated 
relative to the behavior of potato discs. Lemmon was primarily concerned 
with the effects of pH on respiration but used buffer solutions of such varied 
composition that the effect of pH per se could not be segregated from that 
due to other variable components of the solutions. This was doubtless 
responsible for the erratic behavioir observed. 

Boswell though not primarily concerned with the effects of either salts 
or pH on respiration, used such short time periods (0 to 3 hours) that it is 
questionable if the tissue had fully responded' leither to the salt treatment or 
to the oxygen content of the solution if this was indeed in equilibrium with 
air. Boswell did not.]state the full composition of his buffer solutions ; e.g., 
the nature and concen^ation of the cation. He remarks that his results 
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show that for the pH range of 5.29 to 8.04, the oxygen uptake is unaffected 
between pH 5.59 and 6.81 ‘‘falls away slightly below 5.9 and rises above 
6.81.’^ No final conclusion can be drawn from his figures which merely 
show that in his experiments the effect of pH, if indeed pH was the causal 
factor, was erratic. The pH effects described in this paper, whatever their 
ultimate explanation, are clearly consistent with the other results of this 



Fig. 7. 


series of investigations and they form part of a comprehensive, general pic- 
ture of the behavior of potato tissue. 

With respect to other tissues there are inconsistencies in the relation of 
respiration to pH. To cite but two cases; Lyon^s (10). results with Elodea 
showed greater respiration with increasing alkalinity beyond pH 7.0; 
whereas Thomas (24) claims that respiration increases with acidity in 
carrots. 

Even the effect of phosphate concentration on respiration is not free 
from contradictions. Lyon (9) using Elodea treated with phosphate solu- 
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tions at a ‘‘neutral reaction’’ for one hour — ^treatment which if prolonged 
to 30 hours caused death — showed that increased phosphate concentration 
stimulated respiration although preceded by a very brief depression. He 
ascribed this effect to the PO4 ion and related the effect to the “p PO4’’ 
(11). Boswell’s data on the potato are different but difficult to interpret. 
The cation content of the buffer solutions was not specified, and during 3 
hours the effect of increased phosphate concentration at pH 5.5 was to de- 
crease respiration. Whenever a preliminary decrease in respiration of 
potato discs, due to phosphates of sodium or potassium, has been observed in 
our investigation it has always been succeeded by a prolonged period in 
which phosphate increased respiration. The general conclusion that phos- 
phates decrease the respiration of potato discs should not be drawn from 
Boswell’s data. Lyon (11) sees in his well-known observation that inor- 
ganic phosphate will stimulate the activity of potato oxidase preparations 
(aqueous extracts of pulp) so that — in presence of phosphates only — they 
can oxidize sugar, evidence that the mechanism of the phosphate effect on 
aerobic respiration is a catalytic effect on the oxidases. Recognizing that 
Lyon’s tissue pulp extracts may have also contained nitrogen compounds, 
and broadening the usual range of oxidase substrates to include their sec- 
ondary effects on amino-acids, such an explanation would be consistent with 
the standpoint of this paper. 

Nitrogen metabolism. — ^Using the initial and final tissue from the 
experiments of tables VII and VTII, the changes which occurred in the 
protein nitrogen, soluble nitrogen, and the various components of the 
soluble nitrogen were determined by the methods which have been described 
The data in absolute units are to be found in tables IX and X. The recov- 


TABLE IX 

Effect of concentration of potassium phosphate buffer solution at pH 6.9 on the 
NITROGEN FRACTIONS OF POTATO DISCS AT 23® C. DURING 72 HOURS* 


Sam- 

ple 

Concen- 

tration 

potassium 

PHOS- 
PHATE IN 
EXTERNAL 
SOLUTION 

Total 
N PER 
ORAM 

Pro- 

tein 

N PEE 
GRAM 

Pro- 
tein N 

Solu- 
ble N 

1 

Amino 

N 

Percentage 
Amide N 

Am- 

MONlAt 

N 

Stable 

Un- 

stable 


M 

mg. 

mg. 

% 

% 

% 

% 

% 


Initial 




1 






tissue 


2.02 

0.59 

29.2 

mESm 

58.4 

9.4 

6.4 


Pinal 

0.0 

2.02 

0.90 

; 44.6 

55.4 

44.6 

5.4 

7.4 


i i 

0.002 

2,09 

0.93 

44.6 

56.4 

46.7 

6.2 

1.0 


ti 

0.010 

2.05 

0.99 

48.3 

51.7’. 

42.9 

6.8 

0.5 


( i 

0.025 

2.03 

1.20 

59.2 

40.8 

34.5 

6.4 

0.5 


1 1 

0.040 

2.03 

1.08 

53.2 

46.8 

38.4 

7.4 

0.2 



* Absolute units = mg. N per gm. initial fresh weight. Results on percentage basis 
are relative to total nitrog^. 

t Negligible, order of p.OOl mg, per gm. fresh wt. No effect of cone. 
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TABLE X 


Effect of pH in potassium phosphate buffered solutions (0.020 M phosphate) on 

THE NITROGEN FRACTIONS OF POTATO DISCS AT 23® 0. DURING 72 HOURS* 


SAMPLE 

\ 

pH 

Total 
N PEE 
GRAM 

Protein 
N pee 

GRAM 

Pro- 
tein N 

Solu- 
ble N 

Amino 

N 

AMIDE N 

Am- 

monia! 

N 

Stable 

Un- 

stable 



mg. 

mg. 

% 

% 

% 

% 

% 


Initial 










tissue 


2.02 

0.59 

29.2 

70.8 

57.4 

8.9 

6.44 


Filial 

0.96 

2.02 

0.68 

33.6 

66.4 

53.5 

8.4 

5.45 


( i 

6.48 

2.00 

0.83 

41.5 

58.5 

50.0 

6.5 

0.55 


( i 

6.95 

2.03 

1.14 

56.2 

43.8 

36.9 

6.4 

0.59 


i i 

7.46 

2.00 

0.78 

39.0 

61.0 

54.0 

8.0 

0.50 


i t 

8.04 

2.01 

0.60 

29.9 

70.1 

51.8 

8.0 

4.98 



* Ahsoliito units = mg. N per gm. initial fresh weight. Results on a percentage basis 
are relative to total nitrogen. 

t Negligible, order of 0.001 mg. per gm. fresh wt. No effect of pH. 

ery of the initial total nitrogen of the tissue was quantitative and the 
changes which occurred are shown relative to the total nitrogen in figure 8. 
In this figure, protein nitrogen is represented by histograms below the line 
and the absolute nitrogen fractions by histograms above the line. In 
analyzing tissue from phosphate cultures it is essential to use the trichlor- 
acetic acid method for the determination of protein nitrogen. The alcohol 
method gives anomalous results since some protein is soluble in hot alcohol 
in the phosphate treated cultures. 

The outstanding fact is that the salt or pH treatment caused respiration 
wherever it induced greater protein synthesis. This is shown clearly by a 
comparison of the histograms which represent the respiration rate (relative 
to standard treatments to which the value 100 is assigned) and those which 
represent the protein nitrogen content of the tissue (fig. 8). This is yet 
another, though very striking, example of the parallelism which exists 
between protein synthesis and respiration in potato discs. It has more than 
usual interest since it suggests that even in its response to phosphate, the 
respiration of potato discs is modified through that same respiratory com- 
ponent which is linked with nitrogen metabolism. This component is not 
controlled by sugar concentration, and is responsible for those other effects 
of inorganic salts on the respiration of potato discs that have been described 
in earlier papers. 

The full implications of an investigation by Richards (14) cannot be 
discussed here. It should be noted even though it treats of a problem ap- 
parently somewhat remote from the present one, since it correlates phos- 
phorus deficiency during the growth of barley seedlings with low protein 
content and low respiration. 

An explanation of the phosphate response without recourse to the hexose 
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phosphates and their reactions may occasion some surprise. At this stage 
finality is clearly impossible but the implication is that even potassium 
phosphates act upon metabolic processes which, as yet, appear to be some- 
what remote from the metabolism of glucose via hexose phosphates. It is 
true that out of the increasing knowledge of the specific enzymes which 
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catalyze the reactions of the hexose phosphates an explanation of the effect 
of pH on respiration may be forthcoming^. A notable achievement is that 
of Hanks ( 4 , 6) who has isolated a phosphorylase from crude potato sap 
which will reversibly convert starch to glucose-l-phosphate* This enzyme 
has a pH optimum^at 6.4, but the enzyme machinery (phosphoglucose con- 
version system of^flANKs) which converts this substance to hexosediphos- 
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phate and thence catalyses the splitting of the carbon chain, has apparently 
a pH optimum at a reaction more alkaline than pH 7.0. It is, therefore, 
not inconceivable that processes dependent upon the consecutive action of 
such enzymes might appear to be favored by a reaction of 7.0. The possible 
connection of the phosphorylation of sugar with deamination of amino acids 
and protein S3nithesis is remote. It still seems, however, that phosphates 
and pH must exert some direct effect upon nitrogen metabolism in potato 
discs apart from the effects exerted upon the main line of carbohydrate 
breakdown by the route which the latter is commonly believed to take. 

In the presence of phosphate, as of other salts, the bulk of the nitrogen 
used in protein synthesis was drawn from the amino-nitrogen fraction; it 
will be seen from figure 8 that the changes in ammo nitrogen are closely 
parallel to the increase in protein nitrogen. An outstanding feature is, 
however, the effect of phosphate upon that part of the total soluble nitrogen 
which has been designated ‘‘heat unstable amide. In the initial tissue 
this fraction usually comprises about one-third of the soluble nitrogen other 
than the true amino nitrogen. The stable amide usually decreases, but the 
unstable amide fraction usually increases when the tissue metabolizes in 
aerated distilled water (table IX, fig. 8). In all phosphate solutions with 
reactions between pH 6.5 and 7.5 the content of “ilnstable amide in the 
tissue was reduced to a low level. 

Comparing the tissue which was subjected to distilled water and to 
0.025 M phosphate (table IX, fig. 8), it is clear that of the nitrogen for the 
exira synthesis of protein which was stimulated by the salt, approximately 
70 per cent, was derived ultimately from amino nitrogen. The remainder, 
however, is accounted for by the utilization of the unstable amide fraction ; 
this was so stimulated by phosphate that, although normally increasing in 
the aerated discs, it was used more rapidly than it was produced and thus 
the amount present in the tissue decreased. It will be recalled that the 
unstable amide fraction (21, 22) has previously been regarded as a possible 
reactive interraediarj" between amino acid and protein and this further evi- 
dence that the reserves of this substance are depleted by yet another salt 
treatment which stimulates synthesis and respiration is suggestive in this 
connection. Conversely, at those reactions (pH 6.0 to 8.0), protein synthesis 
and respiration were both depressed, and the stimulating effects of phos- 
phate were no longer evident because the inherent capacity of the tissue 
tended to maintain its initial store of unstable amide even in contact with 
phosphate. 

The effects of pH on protein synthesis in phosphate and bicarbonate 
buffered solutions can be compared b}’' reference to figures 6 and 9. The 
contrast in the specific effects due to phosphate and bicarbonate concentra- 
tion at constant pH is evident; and also the fact that, under each buffer 
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system, when the salt and other treatmentij were conducive to active protein 
synthesis, this reached a maximum at pH 7.0 and decreased to zero at more 
acid and more alkaline reactions. This effect can be attributed only to 
the direct effect of and OH" upon the mechanism of protein synthesis. 
The obvious similarity between figure 7, which depicts the effect of pH and 
phosphate concentration on respiration, an<J figure 9 which shows the effect 
of similar treatments on protein synthesis, needs no further comment. 

Figures 6 and 9 are reminiscent of the effect of pH upon the enzymatic 
syntheds of protein m concentrated protein hydrolysates. It was shown by 
Wastbnays and HomoOK ( 26 ) that the synthesis reached a maximum at a 
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pH of 4.0 in the case of egg albumin and the curve of synthesis as affected 
by pH was symmetrical about this reaction. They considered the possibility 
that this was due to the dissociation of an amphoteric component of the sys- 
tem although no component had an appropriate iso-electric point. The 
protein synthesis pH curves for potato discs are of a similar type. It is 
unlikely that the isoelectric properties of any amino acid present in potato 
determines the pH optimum at 7.0 and this appears to be attributable to 
some effect of the properties of water on the synthesis. 

Salient features of the effect of pH, bicarbonate, dissolved carbon 

DIOXIDE, AND PHOSPHATES ON THE BEHAVIOR OF POTATO TISSUE 

At pH 6.9, increased concentration of potassium phosphate increased 
both the respiration rate and protein synthesis of potato discs. In this 
respect phosphates behaved in a manner similar to potassium salts, in their 
reactions with other anions (Cl, Br, NO ,) • It is thus clear that the stimulat- 
ing agent is the potassium ion although its effect may be modified by the 
accompanying anion. Despite the prevalent idea that phosphates play an 
essential role in respiration, the stimulating effect of phosphates on the 
respiration of potato discs was not greater than that due to equivalent con- 
centrations of other potassium salts. There is strong reason for the belief 
that the extra respiration stimulated by potassium phosphate was primarily 
due to that same component of respiration which is stimulated by the 
potassium ion as affected by other potassium salts. 

At constant potassium and phosphate concentration both respiration 
and protein synthesis were at a maximum at an external reaction close to 
strict neutrality; at reactions somewhat more alkaline than pH 8.0 and more 
acid than pH 5.9 protein synthesis vanished. It is noteworthy that in 
potato discs the maximum protein synthesis does not occur in solutions at 
tlie same external reaction as that at which the extracted tissue proteins are 
iso-electric, e,g., pH 4.4. [See Pearsall and Ewing (13) as suggested by 
Pearsall and Priestley (12) on theoretical grounds only.] 

Potassium bicarbonate solutions in the presence of free carbonic acid 
and at pH 7.0 have a quite different effect upon metabolism since they 
depress protein synthesis and oxidase activity progressively as the salt con- 
centration is increased. This is the only vase yet encountered in these 
investigations in which an increased concentration of a potassmm salt de- 
creased the respiration and metahoUsm of potato discs. It is evident that 
this effect is due specifically to HCOr ond II 2 COZ, Although the available 
data are limited, it is clear that the metabolism of carbohj^drate and respira- 
tion were also depressed by these salt treatments ; the trend of the effect of 
bicarbonates and pH upon these processes should be similar to that founds 
and more fully investigated, for protein synthesis. 
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Increased concentrations of potassium bicarbonate and free acid at con- 
stant pH depress, and eventually suppress altogether, both protein synthesis 
and also the accumulation of the bromide ion. These facts again imply that 
the processes of respiration, protein synthesis, and bromide uptake in potato 
cells are all closely linked together. The data also show, however, that 
potassium was absorbed even from bicarbonate solutions which suppressed 
protein synthesis and bromide uptake. The presumption is that this was 
accompanied into the tissue by bicarbonate, which then reacted with the 
organic acids of the tissue since the bicarbonate concentration of the sap 
did not increase. Such Absorption of potassium seems not to be as essen- 
tially related to growth as the simultaneous uptake of potassium and bro- 
mide. Treatment with solutions of bicarbonate and free carbonic acid 
affects the potassium previously stored in the potato cells in a manner which 
suggests that they retain their salts most effectively under conditions which 
are optimum for protein synthesis. All the evidence, therefore, reinforces 
the view that protein metabolism plays an essential role in the production 
and maintenance of ionic accumulation gradients. 

The depressing effect of bicarbonates upon metabolism and bromide up- 
take cannot be ascribed wholly to the combined carbonic acid or to the free 
acid but both play a part. It seems that the bicarbonate ion present is 
more potent than the undissociated free acid. Three-dimensional models 
portray the inter-related effects of pH, bromide absorbed in the sap, protein 
synthesis, and potassium bicarbonate (total carbonic acid concentration 
in the solution) . These show that the influence of added bicarbonate and 
free carbonic acid on bromide uptake or protein synthesis reaches a maxi- 
mum at pH 7.0. Similarly, protein synthesis is, at any given salt (KHCO3) 
concentration, at a maximum at pH 7.0 and declines to zero at reactions as 
alkaline as pH 8.7 and as acid as pH 5.3. 

The almost identical effect on protein synthesis of solutions of different 
pH but constant salt concentration which were obtained with the different 
buffer systems employed, although the constituent salts (bicarbonate and 
phosphate) have distinct and opposed effects on metabolism, is evidence 
that the effect of pH at constant potassiuxu concentration which is in ques- 
tion is mainly due tp the H and OH ions and not to other ions or molecules 
in the buffer systems concerned. The importance of the reaction pH 7.0, 
at which protein synthesis is at a maximum and the depressing effect of 
added bicarbonate a minimum, is an indication that the process is limited 
in some way by the properties of water ; the physico-chemical properties of 
plant amino-acids and proteins (iso-electric 'points) do not show maxima or 
minima at a pH of 7.0. 

The effects of bot)i phosphate and bicarbonate upon the nitrogen metab- 
olism of the, discs ultimately become apparent upon the utilization of the 
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amino-acid reserves. In both cases, the color reactions which the treatments 
induce, suggest that the activity of the phenolase in the tissue is a potent 
part of the mechanism of the salt effects. In both cases, however, there is 
evidence which suggests that the effect of the salts extends beyond the pos- 
sible role of the phenolase in the deamination of amino compounds. The 
unstable, amide-like substance, to which previous reference has been made, 
is so affected by phosphate and bicarbonate treatments that a relative in- 
crease in protein synthesis caused by the salt results in a relative decrease 
of unstable amide and vice versa. On the highly probable assumption that 
the substance in question is formed from sugar and the products of deamina- 
tion of amino acids and is an intermediate in protein synthesis, it becomes 
clear that the effects of phosphate and hicarhonaie extend to the later stages 
of the conversion of such intermediates to protein and are not confined to 
the deamination mechanism alone. Of course, phenolase may also be 
involved in these stages. 

Despite the fact that metabolic processes (respiration and protein syn- 
thesis), which are clearly connected with the ability of the tissue to absorb 
salts, are favored by a neutral reaction of pH 7.0 there is, nevertheless, a 
wide range of pH (6 to 8) within which the bromide uptake is not con- 
spicuously affected by pH. 

The investigation emphasizes again the ramifications of the biochemical 
effects due to ions in the external solution which extend to all phases of the 
metabolism of the tissue investigated and which are seen to be characteristic 
of all the ionic species that have been considered in this and preceding 
papers. 

Summary 

1. The effect of pH and the concentration of a KHC 0 ,/H 2 C 03 buffer on 
the absorption of bromide and the metabolism of potato discs has been inves- 
tigated using thin discs in aerated solutions at 23° C. 

2. Throughout, the effects of these treatments on the uptake of bromide, 
on protein synthesis, and on oxidations in the tissue catalyzed by oxidases 
(phenolase) are closely parallel. 

3. At constant pH, increasing the external concentration of KHCOa and 
dissolved carbon dioxide depresses (and eventually suppresses completely) 
both protein synthesis and bromide accumulation. To this effect both com- 
bined and free carbonic acid contribute ; at pH 7.0, their relative effects are 
about equal. Of HCO^" and undissoeiated H^OOj, the former appears to 
have the greater effect on the tissue. 

4. There is a relativel}’^ broad pH range, in the absence of bicarbonate, 
within which bromide uptake is not much affected by [H'^] and its atteudant 
variables. In the presence of bicarbonate, protein synthesis (though de- 
pressed by the salt) is at its maximum at pH 7.0 and is less active in a more 
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acid or alkaline solution. These effects are specifically due to and OH*" 
and find a parallel in bromide uptake which is depressed by bicarbonate 
solutions and is more favored under these conditions by a pH of 7.0 than by 
reactions more acid or more alkaline. 

5. The effect of HCOa^ and H 2 CO 8 on nitrogen metabolism is also shown 
by their effect on the utilization of amino acids but it extends to subsequent 
reactions; reactions in which unstable amides are involved as inter- 
mediaries of protein synthesis. 

6. The effects of pH and the concentration of a bicarbonate buffer on 
the behavior of the tissue (bromide uptake, nitrogen metabolism, etc.) can 
be represented by 3-dimensional figures. Comparison of these figures shows 
that bromide uptake and protein synthesis from soluble nitrogen reserves, 
are similarly affected by these variables. 

7. The evidence shows again that in neutral solution (strictly pH 6.9) 

and Br’ are equally absorbed by potato discs. At more acid reactions 

(by CO 2 ), conditions which are also less favorable for protein synthesis, the 
tissue loses potassium. The best conditions for protein synthesis are con- 
ducive to the maintenance of existing concentrations in the cell sap. 

Tissue, however, in which neither bromide uptake nor protein synthesis 
occurred, absorbed potassium from relatively strong bicarbonate solu- 
tions. This special case of potassium absorption (accompanied by HCOj~ 
which apparently reacts with the organic acids of the cell sap) is less depen- 
dent on the processes of growth than the case in which a cation and a non- 
reactive anion are absorbed together. 

8. Indirect evidence shows that the bicarbonate solutions wliieh retard 
bromide absorption and protein synthesis also depress respiration and the 
metabolism of carbohydrate. 

The mechanism of the effect of HCOr and H 2 CO 8 on metabolism is 
briefly discussed. 

9. The effect of pH and phosphate concentration on respiration and 
nitrogen metabolism has been investigated using aerated phosphate buffers 
of constant potassium content. 

At pH 7.0, increased concentration o| a phosphate buffer increases both 
respiration and protein synthesis in potato discs. 

At constant phbsphate concentration hoth respiration and protein syn- 
thesis are at a maximum at pH 7.0 and decrease in solutions more acid and 
more alkaline. 

The similarity in ibe effects of these variables on both respiration and 
nitrogen metabolism is seen by comparing figures which show simultane- 
ously the variation of the property in question (respiration, protein syn- 
thesis, or loss of soluble nitrogen) in relation to two variables (pH and phos- 
phate conc^^ntaration) . 
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10. Phosphate treatments which stimulate respiration deplete the tissue 
of the unstable amide, which is normally present in discs of potato in 
aerated solution and which appears to be a reactive intermediary in pro- 
tein synthesis. 

11. Despite the different specific effects attributable to the phosphate 
and bicarbonate the parallelism between protein synthesis and respiration 
is consistent throughout. Although phosphates increase and bicarbonates 
decrease respiration the effect of pH is similar in both buffer systems. 
These effects must be ascribed specifically to or OH” and, if not due to 
specific enzymes with definite pH optima, their symmetry about pH 7.0 
suggests that they are determined by properties of water and not of the 
ampholytes (amino acids, proteins) concerned. 

Brief reference is made to the general problem of the effect of pH on 
respiration and to discrepancies in the literature. 

12. Phosphates seem to influence metabolism of potato discs through 
their effect on nitrogen metabolism (protein synthesis and use of amino 
acids) j i.e.y processes which appear remote from the accepted role of hexose 
phosphates in carbohydrate breakdown. 

13. Eespiration, protein synthesis, and bromide absorption are again 
seen to be closely linked. They are similarly affected by external variables, 
the effect of which on the tissue is consistently shown by reactions stimu- 
lated by the oxidase (phenolase) it contains. 
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author held a Rockefeller Foundation Fellowship. For the hospitality 
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debt to Dr. D. R. Hoagland. For that part of the work which was done at 
Birkbeck College, we have to acknowledge our grateful thanks for the sup- 
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ACCUMULATION OP ARSENIC IN THE SHOOTS OP SUDAN 
GRASS AND BUSH BBAN^ 

Leonard Machlis 
(with six figuees) 

Arsenic, like certain other elements, is toxic to plant and animal life in 
relatively minute quantities. It has no effect on, or may possibly be bene- 
ficial to, plants when present in traces (3, 12, 24, 26). Since it is active 
poison the extensive use of arsenical herbicides and insecticides has been 
attended by several hazards. 

A small part of the toxicants adheres to the sprayed or dusted fruits and 
vegetables, thus rendering them inedible unless washed. Legislation now 
limits the amount of spray residue allowed to remain on these plant prod- 
ucts. The greater portion of the applied arsenieals are eventually de- 
posited in the soil where they accumulate in the surface layer (14, 17, 27) 
in quantities sufficient to retard plant growth. Unsuccessful crop produc- 
tion because of accumulated arsenical residues has occurred in South Caro- 
lina (1, 7), Louisiana (22), and Washington (27). 

In 1937 Jones and Hatch (17) suggested that plants growing on ar- 
senated soils might absorb quantities of arsenic which would be deleterious 
to livestock and humans if such plants were ingested. They found only the 
normal trace content of arsenic in apples grown on soils high in arsenic as a 
result of regular spraying practices. The negligible arsenic content of the 
apples was attributed to the fact that most of the roots were located below 
the surface layer of the soil in which the accumulated arsenic residues were 
found. 

The investigation reported below was designed primarily to determine 
the extent of accumulation of arsenic in agricultural plants having access 
to the element and to assess the data with respect to growers and consumers 
of plant products. 

Data on the arsenic content of plants grown under various conditions are 
meager. Analyses of plants growing on soils containing naturally-occur- 
ring arsenic have shown traces to be present (16, 24, 26). These are, how- 
ever, insignificant as well as unavoidable. 

Two reports in the literature indicate that high-arsenic soils can produce 
high-arsenic plants. Pellenberg (11) describes a meadow in the vicinity 
of Buns, Germany, which he found to contain 700 to 800 times as much 
arsenic as did cultivated fields in the surrounding country. The plants 
growing on this soil were also high in arsenic. He writes; “Horses, accord- 

1 Published by permission of the Director of the Hawaii Agricultural Experiment 
Station as technical paper no. 72. 
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ing to statements by tenants of Erzmatt, do not eat the hay, and sheep must 
not be fed with it except mixed with other hay, for otherwise they will 
become sick. Sheep even have become slightly sick when grazing. Con- 
sequently, we are dealing here with amounts of arsenic which already have 
a toxic effect upon these animals.’'* It should be noted that this soil had a 
very scanty flora and that attempts to grow different cultivated plants 
ended in failure. Vandecaveye, Horner, and Keaton (27) grew barley 
plants on soils obtained from the surface six inches of representative areas 
in each of three fields in the Yakima Valley, Washington. Two attempts to 
grow crops of barley ahd alfalfa on two of these soils failed. These had 
previously been in orchards which had been sprayed with lead arsenate 
over a period of years. The third had never been in orchard and was pro- 
ductive. The tops from barley plants grown on the unproductive soils 
yielded 10.01 and 17.50 p.p.m. AS 2 O, respectively, on the dry weight basis ; 
only a trace was found in the plants grown on the productive soil. The 
plants high in arsenic grew very poorly. 

These examples indicate that some plants are capable of absorbing con- 
siderable quantities of arsenic from soils which have high arsenic contents. 
Such soils occur in the cotton belt (1, 21, 22), orchard growing regions 
(14, 27), and probably wherever arsenicals have been used over a period of 
years. They are a potential source of arsenic in plant food products. 

From the point of view of this paper, a high arsenic content alone is of 
no significance. When different plants are grown in increasing concentra- 
tions of arsenic of the order of 0 to 25 p.p.m. there is a progressive decrease 
in growth (measured by weight) up to a lethal concentration which varies 
with the plant species (3). Exceedingly low concentrations of arsenic do 
not retard growth. For each plant, then, there is a range of concentrations 
of arsenic in which growth and accumulation of the element may take place. 
It is clear that good growth and extensive accumulation must take place 
concurrently if this phase of the general arsenic problem merits serious 
consideration. Studies were begun in 1937 this station to obtain infor- 
mation pertinent to the problem. This report presents certain experiments 
in which water cultures were employed. 

Materials and methods 

The two plants selected for study were Sudan grass {Sorghum vulgare 
var. sudanense) and 1)ush bean {Phaseolua vulgaris var, humxlis). The 
former is used as hay and ensilage and the latter is raised for its fruit. 
Each plant was grown in two different bit overlapping series of concentra- 
tions of sodium arsenite (NaAs02) which are listed in table I. One series 

* This qtiotation and a later one are from a translation for which the writer is in- 
debted to Mr. F. Thompson, translator for the Division of Plant Nutrition, University 
of California, Berkeley. 
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TABLE I 

Effect of the concenteation of arsenic in the culture medium on the dry weight 

YIELD OF SUDAN GRASS AND BEAN* 


Sudan grass series I. 

Growth period: 03 days 

Sudan grass series II. 

Growth period : 58 days 

CULTURF 

concen- 
tration 
OF As 

Yield 

OF 

TOPS 

Yield 

OF 

tops; 

Yield 

OF 

ROOTS 

YlELb 

OF 

ROOTS t 

Culture 

concen- 

tration 

OF As 

Yield 

OF 

tops 

Yield 

OF 

TOPSt 

Yield 

OF 

ROOTS 

Yield 

OF 

ROOTSt 

p.p.m. 

fim. 

% 

gm. 

%. 

p.p.w. 

gm. 

% 

gm. 

% 

0.0 

89.0 

100 

11.9 

100 

0.00 

50.0 

100 

9.4 

100 

1.0 

66.1 

74 

10.6 

89 

0.25 

55.2 

110 

10.3 

110 

2.0 

49.1 

55 

10.2 

86 

0.50 

50.1 

100 

10.1 

107 

3.0 

42.9 

48 

8.1 

68 

0.75 

47.4 

95 

9.3 

99 

4.0 

30.9 

35 

7.1 

59 

1.00 

44.2 

88 

9.8 

105 

5.0 

35.7 

40 

8.1 

68 

1.25 

38.5 

77 

9.5 

.102 

6.0 

30.8 

35 

7.4 

62 

1.50 

43.9 

88 

9.3 

99 

7.0 

20.3 

22 

5.4 

45 

1.75 

41.8 

83 

9.3 

99 

8.0 

25.2 

28 

6.0 

51 

2.00 

42.3 

85 

8.8 

94 

9.0 

18.7 

21 

4.4 

37 

2.50 

35.3 

75 

8.2 

88 

10.0 

20.2 

22 

5.0 

42 






12.0 

11.7 

13 

3.7 

31 




... 


14.0 

5.0 

5 

1.5 

12 




.. .. 


16.0 

4.9 

5 

1.3 

10 




. 


18,0 

0.0 

0 

0.0 

0 








Bean series I.t 



Bean 

series II. 



Growth period 

: 4 DAYS 


Growth period : 29 days 


0.00 

11.0 

100 



0.0 

14.2 

100 

7.0 

100 

0.25 

6.4 

58 



0.1 

16.0 

112 

8.1 

116 

0.50 

4.6 

42 



0.2 

13.0 

92 

7.0 

99 

0.75 

2.8 

26 



0.3 

16.3 

114 

9.1 

129 

1.00 

2.2 

20 



0.4 

19.0 

131 

10.7 

153 

2.00 

0.4 

4 



0.5 

13.4 

95 

8.1 

116 

3.00 

-0.7 

-6 



0.6 

14.2 

100 

8.2 

119 

4.00 

-0.1 

-1 



0.7 

9.6 

68 

6.8 

96 

5.00 

0.0 

0 



0.8 

7.3 

52 

5.0 

71 

6.00 

-0.8 

-7 



1.0 

6.4 

45 

4.1 

55 

7.00 

-0.3 

-3 




1.2 

2.2 

15 

2.7 

38 

8.00 

-0.2 

-2 



1.6 

0.5 

4 

1.5 

21 

9.00 

0.7 

6 



1.0 

0.4 

3 

1.6 

22 

10.00 

0.7 

6 



3.0 

0.0 

. 0 

1.1 

, 16 


* The yields recorded are for a single plant for Sudan grass ; 10 plants for bean 
series I; single plant for the tops of bean series II j and 5 plants for the roots of bean 
series II. .... 

f The negative values for bean series I are caused by variation in the weights of the 
seedlings at the beginning of the arsenic treatment, 
t Percentage of control. 

covered tbe entire range of concentrations in which each plant could live; 
the second contained a larger number of concentrations in the non-toxic or 
slightly toxic range. The terms ‘Hoxic’^ and ''toxicity’’ are used in the 
sense of any repression of growth as measured by the dry weights of the 
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plants. The arsenic content of the stem, leaf, node, etc., of the Sudan grass 
plants at several intervals between the seedling and flowering stages and of 
the bean plants for a single collection was determined. 

Bach series was grown in duplicate. With the exception of bean series I 
all data are averages of two independently determined values which did not 
vary suflSciently to affect the present interpretation. The arsenic content of 
the root was not systematically determined owing to the difficulty of distin- 
guishing between arsenic held internally and externally. 

» Culture methods 

The plants were grown in 17- and 20-liter crocks on stationary tables in 
a greenhouse on the University of Hawaii campus. Each crock was fitted 
with a varnished plywood cover cut to hold six or eight flat corks which, in 
turn, were bored to hold a maximum of five plants each. Sudan grass 
seeds were germinated on cheesecloth supported over water in enameled 
pans and the bean seeds between sheets of moist paper. Selected seedlings, 
held in the corks with nonabsorbent cotton, were grown in arsenic-free 
nutrient solution for 7 to 10 days. At the end of this period the nutri- 
ents were renewed and the required amounts of arsenic added to each 
culture from a stock solution of NaA802. Both nutrients and arsenic were 
thereafter renewed weekly for the duration of each experiment. Occasional 
analyses of the solutions showed that the arsenic concentration decreased 
slightly during the week from the calculated initial concentrations. Thus, 
when the latter were 0.25, 1.0, 5.0, 10.0, and 18.0 p.p.m. As, the concentra- 
tions at the end of the week were found to be 0.14, 0.72, 4.62, 9.56, and 17.22 
p.p.m. As, respectively. When the plants had attained considerable size, 
suitable support was provided to keep them upright. The environmental 
conditions were equalized as much as possible by varying the positions of 
the cultures. 

Hoagland^s nutrient solution consisting of 0.005 M ELNO^, 0.005 M 
Ca(NO02) 0.002 M MgS04, and 0.001 M KH2PO4 was used for Sudan grass 
and a three-salt solution composed of 0.005 M Ca(NOa)2, 0.002 M MgS04, 
and 0.002 M KH2PO4 for the bean plants. To both solutions PeS04, MnS04, 
and HjBOd were ^ded in small quantities. The experiments with bean 
were done following those with Sudan grass. The change to the three-salt 
solution was made because this nutrient was easier to prepare and produced 
healthy plants. It is considered unlikely that the changes in the concen- 
trations of the i^lts were of magnitudes that could affect the interpretation 
of the data. 

These solutions were made up in quantities of 100 liters and transferred 
to the crocks in a galvanized iron container designed to deliver either 17 or 
20 liters of solution. Baker ^s C.P. grade chemicals, distilled water, and 
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continuous forced aeration were used in all of the experiments. Normal 
H2SO4 was added as needed to maintain the pH between 4 and 5. The 
plants were sprayed occasionally with nicotine sulphate (1:800) to control 
thrips and aphids. 

Plan op experiments 

Sudan grass series I. — Thirty seedlings, nine days old, were placed in 
ea(‘h crock (17-liter capacity) containing arsenic-free nutrient solution on 
Oct. 12, 1938. One week later the solutions were renewed and the required 
amounts of arsenic added. On Oct. 26, Nov. 2, 9, and 23, and Dec. 7, and 21, 
respectively, one cork of five plants was removed from each culture, weighed, 
and prepared for analysis. The plants were divided into the following 
parts: Oct. 26 and Nov. 2 collections into root and plant top; subsequent 
collections into root, tillers, and the primary shoot which was further 
divided into node, internode, leaf, and inflorescence, if present. 

For the piiriiose of this study the plant top of Sudan grass was divided 
into tlie main axis, or primary shoot, and the tillers or secondary shoots that 
arise from axillarj’^ buds at the basal nodes of the main axis. The latter 
produce their own adventitious root systems. The division was made for 
two reasons: (1) the tillers are of variable size and consequently difficult to 
disse(*t completely into their several morphological parts; and (2) they are 
produced at all times during the experimental period, whereas the primary 
shoot is pri^sent from the beginning. In the text the tillers plus the primary 
shoot are referred to as the plant top. The nodes, leaves, internodes, and 
inflore.scen(*es are those of the primary shoot only. 

St'Dan grass series II. — Forty seedlings, 7 days old, were placed in each 
crock (20-liter capacity) on Oct. 21. One week later the solutions were 
renewed and the arsenic added. One cork of five plants was removed from 
each culture on Nov. 4, 11, 18, and 25, and on Dec. 2, 9, 16, and 24, weighed, 
and j)rej)ared for analysis. The plants were divided as follows: Nov. 4 and 
11 collections, into root and plant top; Nov. 18 and 25 into root, tillers, and 
primary slioot; and the remaining collections into root, tillers, node, inter- 
node, leaf, and inflorescence as above. The Dec. 2 and 16 collections were 
not analyzed for arsenic. 

Bean series 1. — The plants in this series did not survive in concentra- 
tions of arsenic in excess of 2 p.p.m. ; consequently, it was discontinued 4 
days after the addition of arsenic to the cultures. Five seedlings, 3 days 
old, were introduced into each crock (17-liter cajiacity) on Jan. 15, 1939. 
The solutions were changed and the arsenic added on Jan. 26 and four days 
later the plants were harvested. The plants from duplicate cultures were 
composited, and only the shoots prepared for analysis without further 
division. 

Bean series II. — Five seedlings, five days old, were placed in each crock 
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(17-liter capacity) on Feb, 4. The required amounts of arsenic were added 
Feb. 16. One month later the plants were harvested, divided into root, stem, 
petiole, leaf blade, and fruit, and prepared for analysis. 

Analytical methods 

The fresh plant material was cut into small pieces and dried to constant 
weight in a blast of hot air at 85° to 95° C. The larger samples were ground 
in a Wiley mill, the smaller in a drug mill ; both were stored in paper enve- 
lopes. Prior to analysis, the opened envelopes were placed in an electric 
oven at approximately 60° C. for six hours or more and then cooled in a 
desiccator. 

The oflGicial digestion method used in the Gutzeit procedure ( 20 ), modi- 
fied by the substitution of perchloric acid for ammonium oxalate in the driv- 
ing ofl of nitrogen oxides (6), was adapted to the small quantities of material 
available. The procedure used was as follows : Two grams or less of the dried 
ground sample were weighed into 125-ml. Erlenmeyer flasks which had pre- 
viously been calibrated and marked at the 125-ml. level. To the aliquot, 
1 to 2 ml. of H2O, 20 ml. of HNO3, and 10 ml. of H2SO4 were added in order. 
These were shaken carefully two or three times over a 15-minute period. 
When the reaction subsided, the flasks were covered and allowed to stand 
for several hours to prevent excessive foaming when subsequently heated 
on an electric hotplate. During the heating 5 to 10 ml. portions of HNO3 
were added to the solutions until, with the evolution of SO3 fumes, a clear 
white or amber color obtained. The flasks were then removed from the hot- 
plate, allowed to cool slightly, and 2 ml. of 70 per cent, perchloric acid were 
added. After this, heating was continued until the evolution of dense SO3 
fumes. They were cooled again and made up to 125 ml. Sixty samples can 
be digested in this way in about three hours with a suflBciently large hotplate. 

In the estimation of arsenic, the titration method of Cassil and Wich- 
MANN (6) was used with the exception that the maximum quantity of ar- 
senic determined was limited to 50 micrograms AS2O3. Arsenic is reported 
as As unless otherwise designated. 

The inherent standard deviation of a single analysis was found from 
quadruplicate andyses of four samples of arsenic-containing plant material. 
The amounts found (as micrograms AS2O3 per gram of dry material) and 
the standard deviations (corrected for small samples) were 17.68±: 0.26, 
26.67 dz 0.70, 32.25 db 0*58, and 51.68 dz 0.46. The average of the standard 
deviations over the entire range was ziz 1.79 per cent. 

Time did not permit a critical determination of the percentage recovery 
of arsenic over the range used ( 6 ). Estimates based on limited tests indi- 
cate that in aliquots containing from 5 to 50 micrograms AS2O3 the amount 
found may be 5 per cent, less than the actual amount and in aliquots con- 
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taining less than 5 micrograms the amount found may deviate as much as 
±: 10 per cent, from the actual amount. Affected by the latter error are 
15 per cent, of the values presented for the arsenic contents of the plant 
parts of Sudan grass series I and II and 80 per cent, of the values for the 
plant parts of bean series II. 


Results 

Growth of the plants 

Yield. — The yield is here considered to be the dry weight of plant mate- 
rial produced in each culture subsequent to the initiation of the arsenic 
treatment. The data for each series are presented in table I. It should be 
noted that the yields of Sudan grass, as defined above, represent a summa- 
tion of the weights of the plants removed for the several collections from 
any one culture. This method was adopted to equalize variation between 
the weights of the plants in a culture. 

With reference to the plant tops, concentrations of arsenic below 0.5 to 
0.6 p.p.m. were non-toxic to both plants and may have been beneficial, while 
above this the yield was progressively reduced as the arsenic approached 
the lethal concentrations of 18 and about 2 p.p.m. of As, for Sudan grass 
and bean, respectively. The roots were similarly affected but in all concen- 
trations tliey produced relatively more dry material than the tops. 

The maximum concentrations of arsenic in which these plants can grow 
are probably closer to 1.2 and 10.0 p.p.m. for bean and Sudan grass, respec- 
tively. The roots of plants growing in concentrations in excess of these 
were almost immediately killed and were thus non-functional. Under this 
condition, the water, nutrients, and arsenic would enter directly into the 
transpiration stream, which probably accounts for the slight growth of the 
tops observed. Under soil conditions it is unlikely that such plants could 
have survived. Out of a total of 60 Sudan grass plants in the duplicate 
cultures containing 12, 14, 16, and 18 p.p.m. As only 53 per cent., 23 per 
cent., 10 per cent., and 0 per cent., respectively, survived the first week of 
treatment. 

The concentrations, 1.2 and 10 p.p.m. As for bean and Sudan grass, 
respectively, determine the maximum concentrations of arsenic from which 
accumulation may take place by each plant. These relative sensitivities 
are directly applicable to soil conditions and apparently ai’e representative 
of closely related plant species. Thus Brenchley (3) fo\md that in water 
cultures 4 p.p.m. arsenious acid prevented the growth of peas and 20 p.p.m. 
that of barley, Morris and Swingle (18) observed that when several dif- 
ferent arsenicals were added to soil plots, beans were killed; barley grew 
uninjured. Their report also indicated that some differences in sensitivity 
are to be expected between related plant species. Stewart and Smith (24) 



528 


PLANT PHYSIOLOGY 


observed that beans seemed decidedly more sensitive than wheat and other 
plants growing in soil to which disodinm arsenate had been added. Peas 
were more resistant than beans and potatoes, and seemed more sensitive 
than wheat. 

The high yields of some of the plants growing in the very weak concen- 
trations of arsenic, although probably not statistically significant, suggest 
a beneficial function for arsenic. This may be the indirect effect of the 
action of the arsenic on the fauna and flora of the cultures or it may 
indicate the essentiality of the element. Increased growth or healthier ap- 
pearing plants have been reported where arsenic was added to soil plots (12, 
24,25) ; Brenchley (3), however, using water cultures, was unable to find 
any evidence indicating a beneficial action of arsenic. 

If the criteria of Arnon and Stout (2) for essentiality are accepted, 
none of the experiments, including those reported herein, have demonstrated 
to date a requirement of plants for arsenic. 

Other responses. — The first recognizable response of the plants to the 
arsenic treatment was a wilting of the leaves of both species. This occurred 
daily for a period of several days with a rec'overy of turgescence at night. 
The extent of wilting of the plants growing in the various concentrations of 
arsenic was more or less proportional to the toxicity of the arsenic to the 
plants as indicated in table I and recovery was inversely so. The wilting 
took place very quickly. For example, arsenic was added to the cultures of 
bean series II at 1 : 80 p.m. on a sunny day and by 3 : 80 p.m. some of the 
leaflets of the plants growing in the highest concejitrations of arsenic were 
wilting. About 10:00 a.m. the next morning all of the plants in solutions 
containing 0.5 p.p.m. or more As displayed some degree of wilt. The Sudan 
grass plants responded in a similar manner. 

Two to three days after the introduction of arseui(‘ into the solutions 
necrotic leaf tissue was observed. The killed portions vwe the tips of the 
Sudan grass leaves and the margins of the bean leaves. The extent of killed 
tissue increased with increasing concentrations of arsenic in the cultures. 
The daily wilting decreased in severity as the plants became older. After 
two or three weeks a noticeable wilt was observed only on the day or two 
immediately following the renewal of the arsenic and nutrients. 

The leaf injury took place predominantly during the first week of 
growth in the arsenic-containing solutions. New leaves produced in all of 
the Sudan grass cultures and in most of the bean cultures subsequent to the 
initial injury were for the most part green and healthy. This was note- 
worthy because, as will be shown later, these apparently healthy leaves con- 
tained high concentrations of arsenic. 

It was observed that the roots became flaccid — again in proportion to the 
toxicity o£ the arsenic to the plant. Those in the very high concentrations 
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(above 1.2 and 12 p.p.m. As for bean and Sudan grass, respectively) soon 
became gelatiilous and disorganized. 

The root systems tended to become red two or three days after the addi- 
tions of arsenic to the cultures. Those of the bean and Sudan grass plants 
growing in concentrations of less than 3 p.p.m. of As were tinged a slight 
pink. The color did not become noticeably more intense with time. The 
Sudan grass roots in the higher concentrations soon became a dark red, par- 
ticularly the larger roots, with the exception of the roots tips. The root 
systems of the bean and Sudan grass plants that were observed to become 
gelatinous did not become discolored, suggesting that they were killed before 
the reactions resulting in the reddening could take place. The cortical 
tissues were most severely affected for they could be removed leaving the 
white stele with its attached, small, lateral roots. 

In brief, it seems that the arsenic effected a sudden decrease in the move- 
ment of water into the plants. As a result of this interference with the 
supply of water to the plant top the leaves wilted and died back. Morris 
and Swingle (18) working with both water cultures and soils, observed 
that the addition of arsenicals to the grow^th media was followed by a 
marked decrease in trans])iration. Pellenbttig^s description (11) of 
plants growing on a high-arsenic soil also suggests that arsenic interferes 
with the water relations of plants. 

The reduced yields of bean and Sudan grass may be a response to this 
physiological drought ; however, arsenic was found throughout the plants 
and could inhibit growth by interference with other processes. 

It is significant that no injury or abnormality of the plant tops was 
observed that was charatderistie for arsenic poisoning. The wilting and 
subsequent killing of part of the leaves, as well as the decreased yield of the 
plants, apparently differed in no way from similar responses to be expected 
from a sudden drought. 

Analytical data 

Concentration op arsenic in the plant tops 

In figure 1 the weighted average concentrations of arsenic found in the 
plant tops of Sudan grass series 1 at the time of each collection are presented 
graphically. It is to be noted that over the range of 0 to 8 p.p.m. As in the 
culture solutions the concentration of arsenic in the plant top is a straight- 
line function of that in the nutrient solution and, secondly, that it remains 
constant with time for each culture. The widely fluctuating values for the 
plants growing in the high concentrations of arsenic (9 to 18 p.p.m. of which 
those above 12 are not plotted because the range of values was too extensive 
to get into the figure) are indicative of the previous observation that the 
roots of these plants were non-functional. 
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Similar data for Sudan grass series II are substantially a reproduction 
of those of series I over the corresponding range of solution concentrations. 
There was a tendency for the concentrations of arsenic within the plant tops 
of series II to decrease during the course of the experiment; the magni- 
tudes of these changes were necessarily small, however. Data are presented 
for the Dec. 9 collection (table V) representing a series of concentrations 
mid way. between the highest and lowest observed during the experimental 
period. These data for series II are to be compared with the Dec. 21 collec- 
tion of series I (table IV) which is representative of the concentrations 
found in the plant tops of series I throughout the experimental period. 

In a like manner, the concentrations of arsenic in the plant tops of the 
two bean series are substantially the same for those plants growing in equal 
concentrations of arsenic even though bean series I was conducted for 4 days 
and bean series II for 30 days (tables VI, VII). 

The values found in each of the four series are compared in table II. 


TABLE II 

Concentration or arsenic in the pl^nt tops or bean and sddan orvss as pvrts pir 

MILLION or ARSENIC, DRY WEIGHT BASIS 


Culture 

CONCENTRATION 

Bean 

SERIES I 

Bfan 
SERIES 11 

8ud\n grass 

SERIES I 

Sr D\N GR\8S .SERIES IT 

4 DAYS 

30 DAYS 

63 DAYS 

42 D\YS 

56 DA'VS 

p,p.m. 

p.p.m. 

p.p.m. 

p.p.m. , 

p.p.m. 

p.p.m. 

0.25 

H.6 



3.9 

1.3 

0.50 

52 i 

3.9 

1 

4.7 

2.9 

0 75 

3.9 I 



74 

4 3 

1.00 

4.3 

8.4 

96 

7.8 j 

5.1 

2 00 1 

17.9 

20.0 

14.7 

15.6 

11.2 


The comparison is obviously restricted to those plants growing in equal con- 
centrations of arsenic. Values from two dilfer^t collections of Sudan grass 
series II are presented owing to the tendency for the arsenic content of these 
plants to decrease with time. It is seen that irrespective of the plant spe- 
cies or of the length of the growth period in the arsenic-containing medium 
the arsenic concentrations in all of the plants are of the same order of mag- 
nitude for each concentration of arsenic in the nutrient solutions. 

The data indicate that arsenic readily enters the plants. The concen- 
tration in the plant top is governed, apparently, by that in the nutrient solu- 
tion; hence, the sensitivity of the plant to arsenic poisoning determines the 
maximum concentration of arsenic that it may contain. Of the two plants, 
Sudan grass is potentially more deleterious to humans or livestock than 
bean since it can grow in higher concentrations of arsenic and thus contain 
higher concentrations. 
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Distribution of arsenic within the plants 
The concentrations of arsenic in the parts of the Sudan grass plants at 
the time of each collection over the range of 1 to 10 p.p.m. are plotted in 
figures 2 to 5 from data for series I. Similar data for series II repeat the 
initial portions of the curves of figures 2 to 5. The leaves and nodes con- 
tain the highest concentrations, the internodes are intermediate but below 
the plant top averages; the inflorescences are very low. These differences 
become more marked with time in series I because of a tendency for the con- 
centration of arsenic in the nodes and leaves to increase, although those of 
the tillers and intemodes show no change. These increases are not reflected 
in the curves for the plant tops (fig. 1) because they are offset by the appear- 



Fig. 1, Concentrations of arsenic in the plant tops of Sudan grass after growing 
for different lengths of time in culture solutions containing various concentrations of 
arsenic. The arsenic treatment began on Oct. 19, 1938. 

ance of the low-concentration inflorescences and because, as the plants aged, 
the leaves came to represent a relatively smaller portion of the plant top. 
The close agreement of the curves for the plant tops, primary shoots, and 
tillers was to be expected (figs. 5, 6) for each represents an average of the 
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solutions containing various concentrations of arsenic. 

concentrations of arsenic in the nodes, leaves, internodes, and inflorescene(»s. 

The distribution in the bean plant is similar (fig. 6). The leaves are 
highest, stems and petioles intermediate, and the fruit lowest in concentra- 
tion of arsenic. Except for the reproductive structures the concentration 
of arsenic in any specific part of either plant species is a function of the 
solution concentration. 
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Fig. 6. Coiieontrations of arsenic in different parts of bean plants grown for 29 
days in culture solutions containing various concentrations of arsenic. 

The iiercentage of the total arsenic* of the primary shoot of a plant found 
in any one part of tlie plant, /.r., the i)ereentaj?e of the total arsenic in the 
leaves, for exainjile, was the same for all the plants irrespective of the 
arsenic concentration in the solution. Similarly, the dry weight of each 
jiart of the primary shoot relative to the total dry weight of the primary 
shoot did not vary with the solution concentrations. Averages and stand- 
ard deviations of these measures are presented in table III. These calcula- 
tions are based on the Sudan grass and bean plants growing in concentra- 
tions of arsenic up to and including 10 and 1.2 p.p.m. As, n^pectively. 
Similar calculations made from data from plants gro's^dng in concentrations 
in excess of the foregoing deviated considerably from the averages, a result 
attributed to the non-functioning root systems of these plants. 

The changes with time of the distribution of the weight of Sudan grass 
are in accordance with expectations based on the nature of the growth of 
these plants. The decrease in the relative weight of the leaves of the 
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TABLE III 

Bisteibution of the total arsenic and dry weight of Sudan grass and bean plants 

AMONG THEIR SEVERAL PARTS. EXPLANATION IN TEXT 



Dry weight of the plant part as a percentage 

OF THAT OF THE PRIMARY SHOOT 

Dry WEIGHT OF 
PRIMARY SHOOT 
AS A PERCENTAGE 
OF THAT OF THE 
PLANT TOP 

Leaf 

i 

Node 

Inter- 

node 

Inflo- 

rescence 


% s.n* 

% S,D. 

% 

5.D. 

% 

S.V. 

% 

8.V, 

Sudan grass series 









I, Dec. 7 

53.8 /.I 

8.5 2.7 

35.5 

4.5 

3.2 

2.3 

45.5 

8.1 

Sudan grass series 









I, Dec. 21 

41.5 4.8 

9.3 0.4 

37.1 

8.3 

11.8 

2.3 

34.5 

5.1 

Sudan grass series 









II, Dec. 9 

54.5 3.9 

9.2 1.4 

35.2 

2.8 

2.1 

1.4 

62.8 

6.3 

Sudan grass series 









II, Doc. 25 

38.4 2.3 

8.8 0.8 

39.9 

2.0 

13.1 

2.4 

37.3 

6.2 



(Petiole) 

(Stem) 

(Fruit) 



Bean series IT 

49.2 5.7 j 

7.1 0.4 

1 20.3 

2.3 

1 23.5 

1.9 










Arsenic content 








OF PRIMARY 


Arsenic content of the plant p.uit as a per- 

shoot as A per- 


CENTAGE OF THAT OF THE PRIMARY SHOOT 


CENTAGE OF THAT 








OF THE PLANT 








TOP 


Sudan grass series 









I, Dec. 7 

68.7 5.3 

12.5 9.0 

18.8 

3.7 





53.4 

7.9 

Sudan grass series 









I, Dec. 21 

65.8 1.8 

16,0 i .4 

16.6 

1.3 

1.7 

0.5 

42.3 

4.9 

Sudan grass series 









TI, Dec. 9 

73.0 4.4 

10,6 2.7 

16.6 

3.2 




73.6 

6.4 

Sudan grass series 









II, Dec. 25 

66.9 8.1 

9.5 1.7 

22.6 

4.1 

3.3 

1.7 

39.9 

8.5 



(Petiole) 

(Stem) 

(Fruit) 



Bean series II 

69.2 8.3 

6.5 1.7 

16.3 

3.7 

8.0 

6,8 1 




* 8.D. = standard deviation. 


primary shoots is a reflection of the fact that during the last two weeks of 
growth of both series the primary shoots were entering the reproductive 
phase of activity and hence were, not producing any new leaf or stem tissue 
although the tillers continued to do so. That the concentrations of arsenic 
in the solutions or in the plants did not affect these distributions indicates 
that the arsenic suppressed the growth of the entire plant and not of any 
paricular morphological part. This suggests an interference with the 
functioning of some one or more of the fundamental processes of the plants. 

The distribution of arsenic is unaffected by either the period of growth 
in the solutions or the concentrations of arsenic in the solutions. Although 
both the nodes and leaves were previously observed to contain nearly the 
same concentrations of arsenic it may be seen in the table that approxi- 
mately two-tihirds of all the arsenic entering the primary shoots of either 
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Sudan grass or bean is carried to the leaves whereas the nodes contain a 
relatively small portion of the total arsenic. 

The high concentrations of arsenic in the leaves and nodes are of interest 
because neither of these parts show any macroscopic signs of injury other 
than tlie initial desiccation of the leaf tips. When the nodes were split 
longitudinally for drying, both the nodal plate and nodal meristem were 
observed to be white and ai)parently healthy. Apparently the plants can 
in some manner render the arsenic inactive. The fact that the arsenic 
exerted a strong toxic action on the roots, which was expressed in qne form 
as a discoloration, is not inconsistent with the above suggestion; after a 
period as short as one week in the solutions, relatively enormous concentra- 
tions of arsenic were found associated with the roots of Sudan grass. Thus, 
when the solution concentrations were 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16 
and 18 p.p.m. of As, the concentrations in or on the roots as p.p.m. As of dry 
weight were 338, 263, 390, 514, 655, 734, 903, 906, 1026, 1094, 1246, 1386, 
1059 and 1461. These concentrations are several times greater than the 
highest observed values in the leaves or nodes. 

yiGNIPICANCE OF THE ARSENIC CONTENTS OF THE PLANTS 

The magnitude of the concentrations of arsenic found in the plants is of 
importance both in relation to the physiology of the plant and with respect 
to the health of humans and livestock that could ingest such plants as food. 
A complete evaluation of their significance with reference to the latter point 
would require the consideration of at least the following factors: (1), the 
comment rat ion of arsenic in the plant and in each of its parts; (2), the 
chemical state of the arsenic; (3), the magnitudes of the quantities of 
arsenic that may be considered deleterious to mammals; and (4), the poten- 
tiality for growth of plants that contain these magnitudes of arsenic. 

The Federal Food and Drugs Act limits the quantity of arsenic that may 
be iiresent in foods as an adulterant to 0.01 grains per pound which is equal 
to 1.08 p.p.m of As. Foods containing more than this content are subject 
to seizure. According to law none of the arsenic present in the plants being 
considered here is present as an adulterant. This limit does not mean that 
quantities of arsenic less than 1.08 p.p.m. are of no concern. Meyers et al. 
(19) liave on several occasions pointed out the injurious effects of small 
amounts of arsenic in their relation to the public health. 

It is probable that all or part of the arsenic in the plants is tied up in 
organic molecules which may well affect its toxicity to mammals. A state- 
ment by White (28) of the U. S. Food and Drug Administration, made in 
relation to the natural arsenic content of marine products, is relevant : ‘‘The 
data are given with the full recognition that the arsenic may (in the marine 
products) in some cases, be present in organic combinations which render it 
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* Values italicized are in excess of the tolerance limit. 
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somewhat less toxic than when in the form of lead, calcium, or other arsen- 
ates. It is doubtful, however, whether any toxicologist would assert that 
there is any published work to prove that the natural arsenic in marine and 
other foods is without any harmful effect/’ This statement indicates that 
even the smallest quantities of arsenic in the plants are significant. The 
same reasoning applies to the effects of arsenic on livestock and to the r61e 
of arsenic in meat food products. 

For the purpose of this report the tolerance limit of 1.08 p.p.m. of As 
will be used as a test of significance. The arsenic concentrations in bean 
and Sudan grass on the fresh and dry weight bases for representative collec- 
tions of plants are tabulated in tables IV, V, VI, and VII. Values italicized 
are in excess of the tolerance limit. These data show that : 

TABLE VII 

Concentrations of arsenic in the plant tops of bean when grown in culture solu- 
tions CONTAINING VARIOUS CONCENTRATIONS OF ARSENIC. DATA FROM BEAN SERIES I 


Culture 

concentration 

Dry weight 

Fresh weight 

Yield 

p.p.m. 

p.p.m. 

p.p.m. 

% 

0.00 1 


0.3 

100 

0.25 

3.6 

0.5 

58 

0.50 

5.2 

0.7 

42 

0.75 

3.9 

0.5 

26 

1,00 

4.3 

0.6 

20 

2.00* 

17.9* 

3.i* 

4* 

5.00* 

37.3* 

3.7* 

-^* 

4.00* 

3 £.S* 

4.4* 

^1* 

5.00* 

37 . 7 * 

4.8* 

0* 

6.00* 

73.9* 

9.8* 

-7* 

7.00* 

99.5* 

13.4* 

-Z* 

8.00* 

91.5* 

12.4* 

-2* 

9.00* 

100.6* 

13.6* 

6* 

10.00* 

110.9* 

1 15.0* 

6* 


* Tliese plants were immediately killed upon the addition of arsenic to the solutions 
as evidenced by the fact that they made no growth whatsoever. Tho negative values are 
caused by variation in the w'eights of the seedlings at the beginning of the treatment, 
t Values italicized are in excess of the tolerance limit. 

1. On the dry weight basis, all of the plants and each of their parts 
exceeded the limit with the exception of the fruit and stem of bean. Par- 
ticularly significant are the concentrations in those plants whose yield was 
not lowered by the arsenic. 

2. On the fresh weight basis, only the leaves of plants whose yield was 
unaffected by the arsenic exceeded the tolerance limit. Sudan grass plants 
whose fields were slightly decreased exceeded the tolerance limit in all cate- 
gories whereas a similar result obtains with bean only with an almost 
complete suppression of growth. 
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These results follow logically from the interaction of previously observed 
factors: (1), arsenic is accumulated in the plant tops in concentrations 
determined primarily by the concentrations in the nutrient solutions, irre- 
spective of the plant species; and (2), the toxicity of the arsenic to the 
plants is a function of the particular plant species, Sudan grass being some 
8 to 10 times more resistant than bean. Thus the more resistant species 
(Sudan grass) is able to grow under conditions conducive to higher concen- 
trations of arsenic within itself than is the more sensitive species (bean). 
For equal relative reductions in yield the more resistant species contains 
several times the concentration of arsenic in the sensitive species. Further- 
more, the leaves contain markedly higher concentrations of arsenic than 
the plant top as a whole, a factor of significance if they are to be used alone 
as food. 

Discussion 

In the introduction it was suggested that the gradual accumulation of 
arsenic in soils as a result of the extensive use of arsenicals for the control 
of insects and Aveeds was a possible source of arsenic in foods through its 
absorption by the plant. The data presented have demonstrated that ex- 
ceedingly minute quantities of arsenic in the nutrient medium give rise 
to concentrations of arsenic in the plant tissues that cannot be ignored. 
Although the toxicity of arsenic and its accumulation from a soil medium 
may differ substantially in both magnitude and nature from that observed 
here, arsenic in the soil must be considered as a source from w^liich it can 
be absorbed in significant quantities by plants, until otherwise demon- 
strated. Certain combinations of plant, soil, and arsenical would seem to 
be particularly conducive to the development of high arsenic content ])lants. 

The two classes of arsenicals in general use today are the insoluble 
arsenates as insecticides and the soluble arseiiites as herbicides. Tliey differ 
in their effects on plants and in their histories in the soil. 

Pentavalent arsenic is decidedly less toxic than trivaleiit arsenic (3, 4, 
18). Whereas 10 p.p.m. of As in the form of sodium arsenite are lethal to 
tomato, the same plant can withstand over three times this concentration 
of ai'senic in the form of sodium arsenate (15). Absorption may thus take 
place over a coresppndingly wider range of concentrations of pentavalent 
arsenic than trivalent. 

In the soil, absorption of either form is restricted to the available arsenic 
which is presumably that in solution but may include part of the insoluble 
or fixed arsenic. Rosenfelb and Crafts (23) have obtained data suggest- 
ing that part of the insoluble or fixed arsenic may be available to the plant. 
The available arsenic bears no direct relationship to the total arsenic of a soil 
because soils vary widely in the rate and degree of fixation of arsenic. The 
effect of the compositiop of the soil on the concentration of available arsenic 
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as measured by its toxicity to biological indicators has been studied for 
arsenites by Crapts and his co-workers (8, 9, 10, 23), and for arsenates by 
Gile (13), Stewart and Smith (24), Paden and his associates (7, 21), and 
others. These studies indicate that, in general, the heavier the soil the 
greater is its ability to fix the arsenic. Conversely, leaching of arsenic tends 
to be more rapid from lighter soils. An exception is the ferruginous soU type 
which has a very high fixation capacity for arsenic. 

When insoluble arsenates are added to the soil they are, of course, at first 
unavailable to the plant. Under the action of the soil solution, hpwever, 
they are partially dissolved (24). As the total arsenic of the soil is in- 
creased by annual additions of the arsenical, the available fraction should 
increase. Because of their low fixation capacity, light soils would tend to 
become toxic with fewer applications of the arsenical than would heavy 
soils. Jt is the lighter soils that have become unproductive in South Caro- 
lina (1) as a result of annual applications of calcium arsenate in the control 
of the cotton boll weevil. Leaching must obviously have taken place at a 
slower rate than had accumulation in this soil. Numerous soil analyses 
indicate that most of the added arsenicals are retained in the upper few 
inches (14, 17, 27). These insoluble arsenicals thus constitute a long-time 
reserve which, under the influence of the soil solution, is slowl^y made avail- 
able to the jdant. 

The soluble arsenicals, upon addition to the soil, are immediately avail- 
able in high concentrations. More or less of the arsenical is then fixed to 
an extent and at a rate determined by the soil type. Two ])ossible unde- 
sirable (‘onsequences may result from the use of herbicides: (1) an 
unusually lieavy application may so increase the available arsenic content 
of the soil for a short time as to allow appreciable absorption and perhaps 
cause injury to the plants; (2) annual applications can build up a reserve 
of fixed arsenic which will function similarly to the insoluble arsenicals. 
If the fixation capacity of the soil is exhausted, then further application 
would be very potent until leached away. 

What appeal’s to be an example of injury from the unrestricted use of a 
soluble arseni(‘al was observed during the course of this investigation. An 
herbicide was applied to the underbrush of an orchard of macadamia nut 
trees at Honokaa, Hawaii. Sometime later some of the trees became sicklj". 
It was noted that many of the roots of the trees were either exposed or very 
near to the surface of the soil. Samples of the roots of diseased and adja- 
cent healthy trees were obtained by first cutting away the surface layers. 
These and samples of the leaves were analyzed for arsenic with results as 
show’ll in table VIII. The roots of the diseased trees contained much higher 
concentrations of arsenic than did those of adjacent healthy ones. 

Because arsenicals tend to accumulate in the upper layer of the soil. 
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TABLE VIII 

CONCENTEATIONS Or ARSENIC (AS AflaOs) IN THE ROOTS AND LEAVES OF DISEASED 
AND HEALTHY MACADAMIA NUT TREES* 


Diseased trees 

Adjacent healthy trees 

Tree no. 

Boots 

Leaves 

Tree no. 

Boots 

Leaves 


p.p.w. 

i 

p.p.m. 


p.p.m. 

p.p.m. 

A~41-13 

18.8 

8.2 

A-41~14 

9.3 

7.3 

A-16-31 

29.2 

24.1 

A-16-32 

1.3 

5.7 

A-10-13 

11.5 

t— 

6.4 

A~40-12 

6.4 

6.3 


* The samples were collected and the observations made by the Department of Soil 
Cliemistry, University of Hawaii Experiment Station. 


shallow-rooted plants are most likely to accumulate arsenic, as well as to 
be injured by it. 

Finally, plants that are relatively resistant to arsenic poisoning are those 
capable of growing successfully and, at the same time, of accumulating 
excessive quantities of arsenic. Such plants would give no indication of 
their arsenic contents if they responded in a manner similar to beau and 
Sudan grass in nutrient cultures. It also follows from this investigation 
that plants which are predominantly leafy, such as spinach and lettuce, 
may attain very high concentrations of arsenic. 

Summary 

When Sudan grass {Sorghum vulgare var. sudanense) and bush bean 
(Phaseolus vulgaris var. humilis) were grown for varying lengths of time 
in nutrient solutions containing various concentrations of NaAsOi, it was 
found that concentrations of arsenic up to 0.5 to 0.6 p.p.m. had no effect on 
the growth of either plant as measured by increases in dry weight. Growth 
was effectively suppressed, however, by concentrations of 1.2 and 12.0 p.ji.m. 
of As for bean and Sudan grass, respectively. Addition of arsenic to the 
solutions caused an immediate plasmolysis of the roots and wilting of the 
leaves followed by discoloration of roots and necrosis of leaf tips and mar- 
gins, indicating that the arsenic effected a sudden decrease in the movement 
of water into the plants. 

The concentrations of arsenic in the plant tops and in each of their parts 
except the reproductive structures were found to be proportional to the 
concentrations in the nutrient solutions. The magnitudes of these concen- 
trations were more or less constant during the experimental periods, the 
longest of which was nine weeks. The leaves were highest, the stem tissues 
intermediate, and the reproductive structures lowest in concentration of 
arsenic. 

Within a narrow range of concentrations of arsenic in the nutrient 
medium both plants grew successfully ; but they contained concentrations of 
arsenic in their plant tops in excess of the tolerance limit (1.08 p.p.m. of As) 
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established by law for the arsenic content of foods. For equal relative re- 
ductions in yield the more resistant species (Sudan grass) contained several 
times the concentration of arsenic in the sensitive species (bean). 

Accumulated arsenical residues in soils as a result of insect and weed 
control practices are discussed as a source of arsenic contamination in foods 
through absorption by plants. 

Thanks are accorded to E. T. Fukanaga and S. Okubo of the University 
of Hawaii for assistance in constructing the analytical equipment and to 
Dr. C. P. Sideris and Dr. H. E. Clark of the Pineapple Producers Coop- 
erative Association for supplying equipment. The writer is especially 
grateful to Dr. H. F. Clements for suggesting this problem and for his 
advice and criticism throughout the work here reported. 

Division or Plant Physiology 
University of Hawaii 
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WATER UPTAKE AND ROOT GROWTH AS INFLUENCED BY 
INEQUALITIES IN THE CONCENTRATION OF THE 
SUBSTRATE 

Frank M. Eaton 
(with five FIGT^RES) 

Introduction 

Wlien a number of solutions of unlike concentration are presented at one 
and the same time either to an established or to a developing? root system, 
questions follow as to whether water is withdra^Ti as rapidly from the con- 
centrated as from the dilute regions and as to whether new roots extend 
themselves as readily in the regions of high salinity as in those of low 
salinity. The subject is of agronomic, as well as physiological, significance 
siiK'e the productivity of soils must be regarded as being contingent not only 
on their nutrient and water storage resources but also upon the readiness 
with winch these resources can be utilized by plants. 

A substantial diversity is customarily found in the salt concentrations 
of the soil solution within the root zone of single plants growing on irrigated 
lands. The data of table I, which are presented as an illustration, represent 

TABLE I 

V^RIVBIUTY or CHLORIDS, SVLPHATE, AND NITRATE CONCENTRATIONS (MILLEQ VIVA LENTS 
PER liter) in DISPLAC’ED SOIL SOLUTIONS OP \ WELL DRMNED BUT SP\RINGLY 
IRRIGATED OR\NGE ORCHARD IN THE 8lERR\ M \DRE FOOTHILL AREA 
or SOl’THERN (^\LirORNI\. SaMPLFs WERE COLLECTED 
ON THE NORTHWEST AND NORTHEAST SIDE 
OF E\CH OF TWO TREKS 



1 


Tree 30, row 

22 



Tree 36, 

ROW' 22 


Depth 

SO, 

Cl 1 

1 

p 

>SO, 1 

1 

Cl 

NOa 


NW 

NE 

NW 

1 

NW 

NK 

NW 

NE 

NW 

NE 

NW 

NE 

fed 

m,e. 

VI . (. 

m.e. 

m.e. 

m.e. 

VI. e. 

m.e. 

m.(. \ 

m.e. i 

1 

vi.e. i 

wi.e. 

v\.e. 

0- 3 

2.3 

3.3 

1.2 

2.4 

4.5 

5,0 

9.1 

2.1 

1,6 i 

1.1 

2.3 

2.0 

3- 6 

11.8 

36.6 

1.8 

25.2 

0,9 ! 

4.8 

53,3 

40.3 

13.1 i 

32.1 

9.6 

8.1 

6-10 

17.2 

40.4 

4.2 

81.6 

4.1 1 

10,5 

43.5 

42.6 

47.9 

16.5 

25.7 

10.2 


analyses of displaced soil solutions from samples collected in a sparingly 
irrigated but relatively permeable and w^ll drained orchard soil. Conduc- 
tivity measurements made on the solutions displaced from the separate one- 
foot horizons before combining them for analyses showed a greater vari- 
ability than is here indicated ; the variability in more heavily irrigated soils, 
however, is usually lower than that found in this instance. All of the 
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samples were wetted to approximately the moisture equivalent before dis- 
placement. 

The experimental work here reported upon includes a series of tests 
conducted in water cultures with tomato and corn plants. The root systems 
of these plants were divided between solutions that differed in concentration 
and in the character of the added salts. The effects of the treatments were 
measured in terms of root growth and water uptake. 

Review of literature 

The review of literature that follows is confined to papers concerned 
primarily with the cross transfer of water and solutes in plants. The prob- 
lem under consideration, however, bears also upon broader fields of inquiry 
that concern some of the forces involved with water uptake and with some 
of those governing the growth of roots. 

Gilb and Carrero (8) found the total amount of nitrogen or phosphorus 
absorbed by rice plants having half of their roots in complete nutrient solu- 
tion and half in solutions deficient in these elements was 76 per cent, of that 
of plants having all roots supplied with complete nutrient solution. In a 
subsequent paper (9) they reported a lesser growth of the portion of the 
root system of corn plants which extended into solutions deficient in nitro- 
gen, phosphorus, or potassium. Their solutions were all dilute (about 5 
m.e. of total bases per liter), so there could have been but little difference 
in osmotic concentrations. McMttrtrey (14) using a similar technique, 
reported an unilateral development of the leaves of tobacco plants with roots 
divided between complete nutrient and element-deficient nutrient solutions. 
He mentioned, and one of his photographs shows, increased root growth 
when calcium (previously omitted) was added to one of the two solutions 
supplied to a single plant. 

Auchter (1) applied nitrate of soda on one side of field trees and con- 
cluded that under normal conditions mineral nutrients absorbed by roots 
on one side are translocated to and used by the trunk, limbs, and leaves above 
them and that foods manufactured by one side are used or stored on that side 
or translocated to the roots of the same side. The behavior of trees with half 
of their roots severed prompted the conclusion that water can move laterally 
in trees without much diflSiculty. Fubb (7), finding the volume of lemon 
fruits to be independent of position over cut and uncut roots, also concluded 
that there was a ready cross-transfer of water throughout old lemon trees. 
AucaaTEB and Schrader (2), in miperim^nts continued for two years, 
thought there was little if any cross transfer of carbohydrates from sun- 
exposed to cloth-enolosed sides of apple trees. Milleb (16), has reviewed a 
series of papers showing a tendency toward increased root development in 
fertilized portions of soils. Caldwell (4) reports an asymmetric develop- 
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merit of the fleshy root of the Swede turnip when leaves were removed from 
one side. The roots below the defoliated side of Coleus plants ( 5 ) grew less 
than the roots under the foliated side. Experiments ( 1 , 5 ) on plants with 
roots divided between rich soil and sand have added support to the foregoing 
conclusions. Nixon^ has found that date fruits on strands subtended below, 
and in line with, a notch cut in the fruit stalk that severed about 50 per cent, 
of the vascular system increased in dry matter during the summer ; this indi- 
cates some cross-transfer of manufactured foods from the unsevered to the 
severed side of the stalk. 

Methods 

Both corn and tomato plants were used for the experiments. The former 
was regarded a nearly ideal test plant since its vascularity is such as to 
largely preclude a unilateral development of the top or a differential accu- 
mulation of salt in the leaves of one side. It will be recalled that each leaf 
sheath of the corn plant encircles the stalk at the node from which it arises 
and that, owing to anastomoses, the nodal structures favor lateral distribu- 
tion of constituents rising or descending through the vascular system. Ana- 
tomical studies of the vascular system of the potato would imply that some 
lateral distribution of .solutes rising or descending in tomato ‘shoots is like- 
wise to be expected. 

Lacquered rectangular metal cans M’ith openings cut in one corner, or in 
the middle of one side of the top, large enough to admit a group of roots 
were used as culture vessels. These containers (figure 5) used in groups of 
two or four, were bound together in such a manner that portions of the 
root system of a single plant could be extended into each. Water was added 
to the cans through openings having screw caps. Gallon containers were 
used in experiments 1 and 2, and quart containers in the other experiments. 

The plants were grown to a height of 15 to 25 cm. in nutrient solutions 
in preparation for experimental use and the separation of roots into groups. 
After dividing the roots into 2 or 4 equal groups, trimming when necessary, 
they were dusted heavily with carbon black to facilitate a differentiation at 
the end of the experimental period between the original roots and those 
subsequently developed. 

The plants were fastened in place with cork and cotton mountings, and 
the roots at the point of division were separated by cork wedges 1 cm. tall 
that rested on the edges of the cans. Further, to make unlikely the move- 
ment of solution from one container to another by wick action, the levels of 
the solutions were not brought nearer than 1.5 cm. to the tops of the con- 
tainers. A can with a similar opening was set up in conjunction with each 
experiment to measure direct evaporation. The loss from this container has 
been deducted from all results to give net water-uptake values. 

1 B. W. Nixon, unpublished data. 
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The base nutrient solution contained calcium nitrate, potassium nitrate, 
magnesium sulphate and potassium dihydrogen phosphate in concentrations 
of 5, 5, 2 and 1 millimoles per liter respectively (Hoagland’s solution). 
This solution was used in the foregoing concentration and in fractional and 
multiple concentration both alone and in conjunction with added chloride 
and sulphate salts. These latter salts were added 50 per cent, as m.e. of 
sodium^ 25 per cent, as magnesium, and 25 per cent, as calcium. All solu- 
tions contained, in addition to the foregoing, 1 p.p.m. of boron, 0.2 p.p.ni. of 
zinc, and 0.5 p.p.m. of manganese. Iron was added in the form of tartrate 
or citrate as needed. ' 

The freezing point depressions, A® C, and electrical conductance, K \ lO'"', 
and other determinations of concentration on used solutions were always 
made after the containers had been restored to their initial weights by add- 
ing distilled water. Distilled water was added frequently throughout tlie ex- 
periments to replace transpiration losses. All of the experiments wTre con- 
ducted in a greenhouse. Only the fresh weights of roots are reported since 
the concentration of the solutions did not affect significantly the perinnitage 
of moisture in the roots in those instances (experiment 3) when both fresli 
and dry weights were measured. 


Results 

Effect of unilateually supplied salts on root growth and 
WATER UPTAKE. EXPERIMENTS 1 TO 7 

In experiments 1 to 7, inclusive, the root systems of corn and tomato 
plants were divided between two or more solutions that differed in composi- 
tion and concentration. The results of these experiments (tables II to V) 
are alike in showing a greater water-uptake from, and a greater root growth 
in, the solutions of low concentration than in those of high concentration. 

In experiment 1 with corn (table II) nearly twice as great a weight of 
roots developed in a solution with a trace of chloride as in a solution with 
10 m.e. ; little or no root grovi:h resulted in solutions with 50 and 250 m.e. of 
chloride (fig. 1). The effect on water-uptake was also marked. The solution 
with 250 m.e. of chloride, if it were the only one supplied, would probably be 
too saline for the growth of corn plants. This relation would not hold for 50 
m.e. of chloride since corn plants on such solutions under similar conditions 
( 6 ) made 62 per cent, as much total growth as in control solutions without 
chloride. The roots in the chloride solutions of tho.se experiments were 
heavier relative to the weight of the shoots tl^an in the <*ontrol solutions. 

Chloride determinations (table II) on the solutions at the beginning and 
end of experiment 1 indicate some movement of chloride through the roots 
into the solution that started with a trace of chloride. 

In experiment 2, with a tomato plant, a significant reduction in water 
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Fig. 1. The differential development of new roots of a corn plant 22 days after the 
initial roots had been divided between vessels containing in addition to the base nutrient 
solution: a, trace; b, 10 m.e.; c, 50 m.e.; and d, 250 m.e^ of chloride. The roots on the 
plants at the start of the experiment were dusted with carbon bla<tk. Experiment 1. 

uptake and a lesser development of roots resulted when the roots were sup- 
plied with 22.5 m.e. of chloride ; the effects of 7.5 m.e. of chloride, however, 
were ne{?li|?ible (table I). In this as well as in subsequent experiments with 
tomatoes, the compact matting of the roots made it difficult to differentiate 
very accurately between the old and new ones. 
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TABLE II 

Boots or corn and tomato plants divided between four solutions with different 

CONCENTRATIONS OF CHLORIDE. EXPERIMENTS 1 AND 2 


Container 

Solution 

designation 

K X lO-* 1 

AT 25° 0. 

Chloride per 
liter 


Initial 

End 

Initial 

End I 


New 

BOOTS 


m»e, gm. % 


Water 

UPTAKE 


ml, % 


Experimont 1. Corn plant in base solution with added chloride. Duration 22 days 


A 

1 Trace Cl I 

220 

210 

0.10 

2.14 1 

8.8 

63 

908 

66 

B 

10 

m.e. Cl 

'320 

298 

10.17 

9.69 

5J. 

36 

348 

26 

C 

50 

m.e. Cl 

705 

691 

48.21 

47.50 

0.1 

1 

53 

4 

D 

250 

m.e. Cl 

2542 

2486 

254.0 

244.0 ! 

0.0 

0 

55 

4 


Experiment 2. Tomato plant in base solution with added chloride. Duration 22 days 


A 

Trace Cl 

214 

166 

0.05 

0.11 

8.1* 

31 

820 

35 

B 

7.5 m.e. Cl 

291 

241 

7.46 

7.07 

8.2* 

31 

777 

33 

C 

22.5 m.e. Cl 

443 

392 

22.27 

21.22 

5.4 

21 

540 

23 

D 

75 m.e. Cl 

937 

891 

73.56 

71.64 

4.4 

17 

215 

9 


* The new and old roots in these containers were so badly matted together that it 
was impossible to differentiate veiy closely between them. 


All ofthe original solutions of experiment 2 contained 15 m.e. of nitrate 
and 6 m.e. of potassium per liter. Measurements made at the end of the test 
showed that the concentrations in containers A, B, C and D had been reduced 
to 10.7, 10.9, 11.6, and 13.8 m.e. of nitrate, and to 4.2, 4.7, 4.9, and 6.2 m.e. 
of potassium per liter, respectively. It is probable that the greater number 
of roots in the solutions of lower concentration had as much to do with the 


TABLE III 

Corn boots divided between 4 solutions with the base nxitrient and different 

CONCENTRATIONS OF CHLORIDE. DURATION 28 DATS. 

Experiment 3, duplicate tests 


Container 

Solution 

DESIGNATION 

New solutions 

End 

boi^ttions 

Kxl0-° 

AT 25° C. 

New 

ROOTS 

Water 

UPTAKE 

Bi 

KxlO-® 1 
at28®0. I 




Plant no. 1 

gm. 

% 

ml. 

% 

A 

Trace Cl 

0.016 

215 

55.9 

16.5 

33 

2291 

39 

B 

10 m.e. Cl 

0.091 

317 

158.0 

14.7 

29 

1941 

33 

C 

20 m.e. Cl* 

0.123 

420 

280.0 

11.6 

23 

1173 

18 

D 

40 m.e. 01 

0.180 

619 

504.0 

7.3 

15 

706 

10 


Plant no. 2 ^ 


A 

Trace Cl 

0.0J6 

216 

67.3 

9.3 

29 

2062 

37 

B 

10 m.e. Cl 

0.091 

317 


8.7 

27 

1790 

32 

c 

20 m.ei Cl 

0.123 

420 


7.2 

22 

1090 

18 

D 

40 m.e. Cl 

0.180 

619 

502.0 

7.2 

22 

827 

13 
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greater uptake of these nutrient ions as did the lower concentrations of 
chloride, calcium, magnesium, and sodium. 

Experiment 3 (table III) included duplicate tests with corn grown in 
solutions containing, respectively, a trace, 10, 20, and 40 m.e. of chloride. 
The plants showed depressed root growth and lower water-uptake from the 
successively stronger solutions. A relatively greater effect on water uptake 
than on root growth resulted (fig. 2). 



Fig. 2. Boots of a corn plant divided between solutions with: a, trace; b, 10 m.e.; 
c, 20 m.e. ; and d, 40 m,e, chloride. Plant 1, Experiment 3. 
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Experiments 4 and 5 were conducted for the purpose of determining if 
sulphate would have an effect similar to chloride on root growth and water 
uptake. The chloride and sulphate concentrations were selected to give 
roughly similar differences in the osmotic pressures of the solutions com- 


TABLE IV 

Corn plants with roots divided between solutions with added chloride 
(experiment 4), AND ADDED SULPHATE (EXPERIMENT 5) 


Container 

Solution 

designation 

New solution 

New roots 

Water uptake 

' A 

Kxl0-« 
at 25° C. 





gm. 

% 

ml. 

% 

Experiment 4. Corn plant with roots in base nutrient with 2 

chloride 



concentrations. Duration 

13 days 




A 

10 m.e. Cl 

0.090 1 

317 

2.7 

69 

306 

72 

B 

25 m.e. Cl 

0.138 

472 

1.2 

31 

119 

28 

Experiment 5. Corn plant with roots in base nutrient with 2 sulphate 



concentrations. Diuation 

13 days 




A 

20 m.e. SO* 

0.097 

359 

3.6 

78 

294 

68 

B 

40 m.e. SO* 

0.150 

561 

1.0 

22 

139 

32 




pared. The resulting data (table IV) indicate no pronounced difference 
between the effects of chloride and sulphate salts at similar osmotic pressures. 

TABLE V 

Corn and tomatoes with roots divided between 3 x base ni^trient and 0.5 x b \se 

NimilENT WITH ADDED CHLORIDE. EXPERIMENTS 6 AND 7 


Container 


Solution 

designation 


New solutions 



A 

K X 10 
at 25° C. 

New roots 

Water uptake 


gnu % ml. % 

Experiment 6. Com plant with roots in concentrated base nutrient and 
dilute base nutrient plus chloride. Duration 13 days 


A 

3 X base nutri- 
ent 

0.157 

588 

1.8 

51 

146 

54 

B 

0.5 X base * nu- 
trient idus 

50 m.e. Cl 

0.183 

626 

1.7 

49 

125 

46 


Experiment 7. Tomato plant with roots in concentrated base nutrient solution 
and dilute base nutrient solution plus chloride. Duration 17 days 


A 

3 X base nutri- 
ent 

0.107 

599 

4.1 

45 

435 

53 

B , 

0.5 X base nu-* 
trient plus 

SO m.e. Cl 

0.163 

534 

5.1 

55 

425 

47 
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Experiments 6 and 7 (table V) were conducted to give further informa- 
tion on the question of whether the previously observed effects were the 
result of the action of specific ions or primarily reactions related to the 
total osmotic pressures of the solutions. In these experiments the behavior 
of corn and tomato plants was observed when their roots were divided be- 
tween two solutions similar with respect to osmotic pressure but unlike in 
that one was concentrated base nutrient and the other dilute nutrient plus 
enough chloride to produce a similar total concentration. The effects of the 
two solutions were much alike wdth both corn and tomato. This finding may 
warrant the coJK^lusion that osmotic relations are primarily involved but, if 
so, the fact should not be overlooked that nitrate was the princi})al anion 
(45 m.e.) in the 3 ><base nutrient. 


SE1>AKATI0N op EFraCTS OF ROOT AREA AND OSMOTIC PRESSURE 
ON WATER UPTAKE 

At the beginning of each of the foregoing tests the number of roots in 
the several solutions of an experiment were nearly the same whereas by the 
end of the experiments there were more roots in the dilute than in the con- 
centrated solutions. Experiments 8 and 9 (table VI) were undertaken to 


TABLE VI 

Difffrenti \tiox of effects of new root development and osmotic pressures 

ON WATER 1tpt\KE. EXPERIMENTS 8 AND 9 


Container 


Soli tion 
design \tion 

New solution 

i 



A 

K X lO-"* 

AT 25® C. 

New roots 

Water uptake 


gm. % ml. % 

iiii(*nt 8. ('•orn plant ^\ith roots in different eoneentrations of base 
nutrient solutions. Duration 13 days 


A 

0.5 V base 
nutrient 

0,025 

113 

i 

3.6 

62 

451 

76 

B 

3.0 X base 
nutrient 

0.153 

581 

2.2 

38 

146 

Cl 1 

1 


Exi)eriment 9. Same as experiment 8 but positions of roots alternated 
between the two solutions every second day 


0.5 V base 







nutrient 

0.025 

113 



319 

65 

3.0 X base 







nutrient 

0.153 

580 



171 

35 


obtain an appraisal of the effects of solution eoucentration on water uptake 
that would be independent of number of roots. The first of these experi- 
ments (number 8) was conducted in the same manner as those that had pre- 
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ceded it; in experiment 9, however, the positions of the roots in the two 
solutions were reversed each second day; i.e., the roots in container A were 
placed in container B and vice versa. By thus alternating? the two halves of 
the root system between the concentrated and dilute solutions it was possible 
to maintain essentially equal root areas in the two solutions throughout 
the experimental period. At the end of experiment 9 one group of roots 
weighed 32 and the other 36 grams ; this is probably as close an agreement 
as could be expected when account is taken of the difficulties attached to 
dividing the roots of a plant at the beginning of a test period into two equal 
groups. » 

A three-fold difference in water-uptake resulted in experiment 8 where 
the combined effects of differences in root area and in solution concentration 
were represented. In experiment 9, however, where essentially equal root 
areas were presented in each of the solutions, there was approximately a 
two-fold difference in water uptake. This latter result, which can be re- 
garded as representing the effect of solution concentration alone, will be 
considered further in the discussion and in figure 5. 

Roots divided between nutrient solutions and distilled water 

In the three succeeding experiments, tables VII and VIII, the roots of 
corn and tomato plants were divided between distilled water and 2 x base 
nutrient. The situation thus created is obviously complex since it is well 
known that distilled water is injurious to plant roots. The (piestion re- 
mained, nevertheless, as to whether the injury to roots w^ould be of such a 
character as to lessen the rate of water uptake and also whether there Avould 
be enough movement of salts from the roots to the distilled w^ater to permit 
some growth after several days had elapsed. 

True (18) has traced the development of views on the causes of injurious 
effects of distilled water on root growth from the observations of early 
physiologists, who thought the absence of nutrients was responsible, through 
the period when the ill effects were attributed to metals derived from stills. 
From his own w’ork with lupine seedlings (18), he concluded that a causal 
connection between loss of electrolytes by roots and their falling growdh rate 
was almost certain. Injury was not prevented in his experiments when 
sugar or sodium chloride was added to the solutions to give osmotic pressures 
equal to that of Potomac River water used as a control. Calcium chloride 
prevented injury. True, referring to work of True and Bartlett, points 
out that Canada field pea seedlings made a fairly healthy growth in distilled 
water despite the loss of considerable quantities of electrolytes to the outer 
solution. 

I13BARD (10) found that a slow process of adjustment or acclimatization 
to distilled water fitted Lupinns alba seedlings to better growth than 
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thrusting them directly into it. Finding that root growth was increased when 
the distilled water was changed 4 times daily, he concluded that the roots 
were injured because they secreted a substance toxic to themselves. Scarth 
(17) found that boiling distilled water in silica vessels to expel carbon 
dioxide changed the pH from 5.5 to 7.1 and reduced the toxicity to Spiro- 
gyra. The tests were made in covered beakers but mention is not made that 
air or light was thereby excluded and the pH of the distilled water after the 
algae had been in it for some hours is not given. 

The water used in the present experiments was from a gas-heated 
Barnbtead still and it was stored in tin-lined copper tanks. It was not 
redistilled and it is not known to what extent the carbon black on the roots 
adsorbed traces of copper or other metals. 

As shown by table VII the roots of both corn and tomato made a better 


TABLE VII 

Corn and tomatoes with roots divided between distilled water and 2 x base 
NUTRIENT. Experiments 10, 11, and 12 


Container 

Solution 

designation 

New solutions 

New roots 

Total 

water uptake 

A 

KxlO-^ 

AT 25® C. 





gm. 

% 

mZ. 

% 


Experiment 10. Two corn plants. 

Duration 34 days 



A 

Distilled 








water 


.45 

4.3 

11 

588 

12 

B 

2 X base 








nutrient 

j 0.113 

1 413.00 

34.0 

89 

4126 

88 

Experiment 11. Two 

tomato plants. Duration 17 days. Stems not split 

A 

Distilled 1 








water 


.45 

10.3 

38 

1175 

42 

B 

2 X base i 








nutrient 

0.113 

413.00 

16.7 

62 

1605 

58 


Experiment 12. Two tomato plants. Duration 34 days. Stems split up about 5 cm. 


A 

Distilled 








water 


.45 

3.8 

9 

2886 

30 

B 

2 X base 








nutrient 

0.113 

413.00 

39.0 

91 

6647 

70 


growth in the nutrient solution than in the distilled water and for the full 
duration of the experiment more water was taken up from the solution of 
higher concentration. During the first days of all three experiments, how- 
ever, relatively more water was removed from the distilled water vessels 
(table VIII) than from 2 x base nutrient; thus indicating that the injury 
to the roots — whatever its cause or character — did not prevent what was 
apparently a normal uptake of water. Later, when new and actively grow- 
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Fig. 3. Com*root8. a, in dwtiUed water; b, in 2 x base nutrient. 


ing roots had developed in. the containers with nutrient solution, the rate 
of uptake from the nutrient solution exceeded that from the distilled water. 
The original roots constituted a greater proportion of final roots in these 
tomato experiments than in the com experiment and relatively more water 
was tjtkATi up from the distilled water by the tomatoes than by corn (figs. 
3 and 4) . 

There is substantial evidence (table VIII) in each of these three experi- 
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TABLE VIII 

Water by periods an!) ookduotanoe op used solutions at end op 

PERIODS* Experiments 10, 11, and 12 


Con- 

tainer 

Solution 

DESIG- 

Water use by periods 

Conductances op solu- 
tions REMOVED 

NATION 

0 to 3* 1 0 to 10 1 11 to 17 i 18 to 34 

1 10th 1 17th 1 34th 


ml. ml, ml, ml. 

Experiment 10. Com 


A 

Distilled 

water 

90 

145 

79 

364 

9.22 

0.99 

1.32 

1 

2 xbase 
nutrient 

40 

167 

470 

3489 

356.00 ' 

305.00 

296.00t 


Experiment 11. Tomato 


A 

B 

Distilled 

water 

2 X base 
nutrient 

190 

140 

590 

750 

585 

855 


6.64 

225.00 

0.96 

202.00 


Experiment 12. Tomato 

A 

Distilled 



1 






water 

190 

405 

595 

1886 

10.70 

1.56 

6.85 

B 

2 X base 

! 

1 







1 

1 

nutrient ; 

90 ! 

345 i 

918 

5384 

350.00 

205.00 

232.90t 


* Approximate since solutions were not removed from containers for measurement* 
t This solution renewed on Slst day— conductance not recorded. 


ments indicating the movement of solutes from the roots into the distilled 
water; the nature of the electrolyte so moved, however, was not determined. 
A conductance of 10 x 10“®, such as was observed in the first period of both 
experiments 10 and 12, corresponds to about 1 m.e. of cations per liter. 

Discussion and conclusions 
Water relations 

Experiment 9 provides a suitable basis for discussion of the effect of 
solution concentrations on water uptake by divided root systems. It was 
found that 1.86 ml. of water was withdrawn from the nutrient solution with 
an osmotic pressure of 0.3 atm. for each 1 ml. of water withdrawn from the 
nutrient solution with an osmotic pressure of 1.8 atm. Inasmuch as the 
characteristics of the two halves of the root system remained equal through- ’ 
out the test it may be possible to estimate the magnitude of a maintained 
tension in the water in the base of the shoot that would be necessary to 
satisfy both of the two pairs of values (table VI, fig. 5). 

The forces peculiar to living cells and tissue are neglected in the calcula- 
tions that follow and it becomes of interest for this reason to consider to 
what extent such omissions are justified. Outtation is believed in some 
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Fio. 4. Tomato roots, a, in distilled water; b, in 2 x base nutiient. 


instances to represent glandular action; Mason and Phillis (13) have 
shown that the osmotic pressures of protoplasmic saps are greatly in excess 
of vacuolar sapil. This suggests tjbat forces originating through respiratory 
activity of protoplasm may be important in t!ie secretion of dilute solutions ; 
even possibly* of those passing from the root cortex into the xylem. Evi- 
dence from experiments by ICramer (12) and others, however, support the 
view that forces arising from metabolic activity of root cells that tend to 
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move water into and through roots is negligible or quite secondary to forces 
created as a result of transpiration. It is the writer opinion that exuda- 
tion from decapitated plants (and exudation does not always occur) repre- 
sents in large measure water movement brought about by the osmotic pres- 
sure of the tracheal sap when it is in excess of the sum of the osmotic pres- 
sure of the soil solution and capillary forces of the soil. In an intact plant 
even this force is of doubtful significance, except possibly during the re- 
covery of turgidity, since the osmotic pressures in the foliar cells are greater 
than those of tracheal saps. The movement of water to leaves during trans- 
piration (and after transpiration before turgidity has again been estab- 
lished) can be looked upon most logically as being the result of osmotic forces 
ill excess of the inwardly directed forces exerted by cell walls. Plant roots 
can not be likened either to cylindrical tubes or to a porous medium such as 
soil. It is still probable, however, that the movement of water through roots 
obeys the law that has been found to hold in these other materials. 



Fig. 5. Experiment 9. Water uptake, osmotic pressure, and tension relationships. 

The flow of liquids through cylindrical tubes and through porous media ^ 
has been found by PoiSEUiLiiE and Darcy, respectively, -to be directly pro;- 
portional to the difference in the hydraulic head of the liquid. For an 
approximate solution to the present problem, the most reasonable assump- 
tion we can make is that a similar relation holds for the transport of liquids 
through the conducting tissue of the plant. On the basis of this assumption 
and under present conditions where the gravity force is negligible com- 
pared with the pressure gradient force, one may WTite 

Q = K(P~P,) 
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where Q is the volume of flow in unit time, and P - Pi is the difference in 
the pressure between the liquid in the conducting system and the liquid 
surrounding the roots. It is further assumed that osmotic and hydrostatic 
pressure differences are equally effective in producing the flow. The single 
value for the tension, P, of the water in the base of the shoot that satisfies 
both sets of water uptake and osmotic values is 3.55 atm. This value was 
obtained by substituting the two sets of experimental data in the above 
equation to obtain 1.86 = K (P-0.3) and 1.0= K (P-1.8). Solvings these 
equations simultaneously gives P = 3.55 atmospheres. 

The foregoing value is necessarily an average one just as the water up- 
take values were the average of day and night uptake over the period of the 
experiment. With high transpiration rates the tension in the stem would 
become large, whereas at night as the plant regained full turgidity the 
tension would approach zero or become a positive hydrostatic pressure. 
Prom these relations it follows that as the tension increased the differences 
in the rate of uptake from the two solutions would narrow. On the fore- 
going basis, a tension of 10 atm. should produce an uptake of 1.15 ml. from 
the dilute solution for each 1 ml. uptake from the concentrated solution. 
As the tension fell to approach the value 1.8 atm., water would be with- 
drawn only from the dilute solution. Theoretically, at yet lower tensions 
there should be a movement of water through the roots from the dilute to 
the concentrated solution. It was not determined if this was the case, but 
Bbeazeale (3) has reported such flow through roots from moist soils into 
dry soils. The tension on the moisture of soils in the wilting range is about 
16 atm., and according to recent experimental data by L. A. Richards the 
soil moisture tension at the moisture equivalent is about 0.5 atmospheres. 
It is of some interest to note at this point that Kearney (11) found salts to 
have no effect on the wilting coefficient. This implies that if salts in the 
soil solution affect the tension between soil and plant there is some compen- 
sating effect within the plant. 

It has been repeatedly found that the water requirements of plants on 
single solutions high in nutrient, chloride, or sulphate salts tend to be sub- 
stantially lower than those of control plants. It has seemed more reason- 
able to attribute this to reduced transpiration rates resulting from salt 
effects within the' leaves than to reductions in the osmotic differentials 
between the leaves and substrate. 

Root development 

The greater development of roots in the 5^ilute than Jn the concentrated 
solutions (distilled water experiments as exceptions) might be attributed: 

(1) , to conditions unfavorable to root growth in the concentrated solutions; 

(2) , to conditions particularly favorable to root growth in the dilute solu- 
tions; or (3), to factors within the roots that caused more of the organic 
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solutes translocated downward through the stem either to move into the 
dilute-solution roots or, having moved in, to be elaborated into tissue more 
rapidly. Either of these latter explanations would imply that the total 
growth of the root system as a whole had not been affected. 

The fact that chloride, sulphate, and concentrated nutrient salts had 
similar effects would tend to discount the view that the concentrated solu- 
tions were especially unfavorable for root growth if all of the roots had been 
in one or the other kind of solution. It was noted in connection with experi- 
ment 1, where there was only a negligible root growth in the solution with 
50 m.e. of chloride, that in other experiments with corn the roots of plants 
with all roots in 50 m.e. of chloride constituted a greater proportion of the 
weight of entire plants than was the case with plants growing with all roots 
in control solutions. In experiment 3 no appreciable difference was found in 
the moisture content of roots in the dilute and concentrated solutions. 

In the absence of measurements on the distribution and concentrations 
of carbohydrates and salts in the two sets of roots of any experiment, discus- 
sion cannot be extended to the pertinent question of whether salt accumula- 
tions in the root tissues in the concentrated solutions tended to deflect the 
movement of organic materials from the shoots into the roots growing in 
the dilute solutions. A reason for a more rapid elaboration of synthesized 
products into cell structure in the roots containing less salt is not evident 
b\it the possibility that such w^as the case remains. A more rapid utilization 
of these materials by the dilute-solution roots w’ould tend to establish more 
favorable translocation gradients to them. 

As a final consideration some attention may be given to relations between 
the turgor pressures of roots and root growth. Cell growth by enlargement 
must be related to turgor pressure but one might question the extent to 
which the laying down of w^all materials would be similarly influenced. 
Roberts (16) found the concentration of the cell sap of root hairs of radish 
grow^th in a series of 0.02 M to 0.65 M sucrose solutions to increase with the 
concentration of the external medium and maintain osmotic pressures 4 to 6 
atm. above it. As further evidence of the adjustment of the plant to its 
substrate Eaton (6) has presented the results of cryoscopic measurements 
on the expressed sap of a series of crop plants grown on saline solutions. 
The expressed sap of leaves of tomatoes, from the same seed stock as the 
present plants, when grown in out-of-doors sand cultures maintained 
osmotic differentials of 9.4, 8.9, 8.8, 9.5, 9.3, and 9.3 atm., respectively, above 
nutrient solutions as follows: control, plus 50 and 150 m.e. chloride, and 
plus 50, 150, and 250 m.e. sulphate. With this indication that the oi^otic 
differentials between the root cells or leaves of a plant and its substrate are 
not greatly changed, within reasonable limits, by solutes added to the sub- 
strate, any conclusion with respect to disadvantages in water relations of 
the saline roots would have to be arrived at on some other basis. Otherwise, 
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one mij?ht reason that since accumulation ratios are relatively hip^h when 
plants are on dilute media and low when on concentrated media, that higher 
turgor pressures would exist in the dilute-solution roots than in the concen- 
trated-solution roots. In other words, whatever the cause of the lesser root 
growth in the concentrated solutions may be, it is not reasonable to assign 
the cause to lack of turgor in the cells of the concentrated-solution roots. 

Agronomic aspects 

Prominent among the factors that tend to create differences in the con- 
centration of the soil solutipn from point to point in irrigated soils there are 
especially to be mentioned: (1), variations in the permeability of proxi- 
mately situated soil zones, even though of similar texture; and (2), the 
usually greater uptake by the plant of water than of salt, thereby increasing 
the concentration of the soil solution. The first-mentioned consideration 
gives rise to much lateral diversity since the less permeable zones are not 
leached as effectively as the permeable zones. The second consideration is 
largely responsible for the pronounced tendency for salt concentrations to 
increase with depth. The portion of a soil solution that is residual from a 
particular irrigation tends to be displaced downward in successive steps by 
successive irrigations and rains; thus the unused fraction ultimately lies 
deep in the root zone with a greatly reduced volume but still containing 
much of its initial salt. 

Among other factors that influence both the average concentration of 
the soil solution as well as variations within the root zone, there are to be 
mentioned such considerations as the quality of the irrigation water, the 
extent to which water is used in excess of crop needs to promote leaching of 
the salts from the root zone, the amount of rainfall, methods of applying 
water to the land, and subsoil drainage conditions. Salt impregnated 
layers of clay as wtU as saline Avater tables are sometimes the source of salt 
brought into the upper root zone with rising moisture. 

Both lateral and vertical diversity were illustrated in table I. As fea- 
tures pertinent to that example, it is to be noted that it had been the owner's 
policy to apply only sufficient irrigation water to maintain the trees from 
one irrigation to the next. Since the rainfall over a period of years prior to 
the collection of those samples had been subnormal there had been little 
recent leaching of the lower root zone. After two winters with leaching 
rains a much more uniform salt distribution was found. The irrigation 
water was of good quality containing but 0.29 m.e. of sulphate and 0.48 m.e. 
of chloride per liter. The soil samples were collected from beneath the 
irrigation furrows nearest the trees. 

Summary 

^ Com and tomato plants were grown with their roots divided between 
two or more solutions of unequal concentration. They developed more 



EATON : WATER UPTAKE AND ROOT GROWTH 


563 


roots in the dilute than in the concentrated solutions and the water uptake 
from the former exceeded that from the latter. The foregoing was found 
irrespective of whether the differences in concentration were affected by the 
addition to the base nutrient of chloride, sulphate, or additional nutrient 
salts. Little difference in water uptake or in root growth resulted in solu- 
tions of similar osmotic pressure when one was high in chloride and the 
other in complete nutrient salts. These findings indicate that osmotic pres- 
sures, rather than specific ion effects, are primarily involved. 

With an equal growth of the two halves a divided root systetn accom- 
plished by alternating their positions each second day between dilute and 
concentrated nutrient solutions (0.3 and 1.8 atm.), 1.86 ml. of water was 
taken up from the dilute solution for each 1 ml. of water from the concen- 
trated solution. A value of 3.55 atm. for the tension in the water of the 
stalk was found by calculation to satisfy these two sets of values on the basis 
of a first assumption that the observed water uptake by the two halves of 
this root system should be proportional to the difference in the osmotic pres- 
sure in the solutions and the tension in the water in the stem. This value 
is of course an average one and the data are discussed accordingly. 

In an experiment parallel with the foregoing one, the two portions of 
the root system remained throughout in the solutions in which they were 
started. The new roots developed in the dilute solution weighed 1.6 times 
as miK'li as those in concentrated solution and 76 per cent, of the total water 
taken up by the plant was from the dilute solution. 

Roots divided between distilled water and concentrated nutrient made 
more growth in the latter. Almost twice as much water was withdrawn 
from the distilled Avater vessels during the first three days of the experiment 
as from the nutrient solution but this w^as later reversed. 

The investigations were undertaken as a means of appraising the effects 
of the variability in the concentration of the soil solution often found within 
the root zone of ])lauts growing on irrigated lands. When soils are perme- 
able and extensively leached this variability may be slight but under other 
circumstances it may be great. An example is presented of the situation 
found in a permeable but lightly irrigated orchard soil w^herein 15- to 
60-fold variations in the concentrations of sulphate and chloride, respec- 
tively, were found within the root zone of single trees. 

The writer acknowledges with appreciation the assistance of G. Y, Blair 
in this investigation. 

Bureau of Plant Industry 
C oiiLEGE Station, Texas 
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INFLUENCE OP SOIL MOISTURE ON PHOTOSYNTHESIS, 
RESPIRATION, AND TRANSPIRATION OF 
APPLE LEAVES^ 

Gr. William Schneider and N. F. Childers 
(wmi THREE figures) 

Introduction 

A deficiency of water under natural and even cultural conditions is 
probably responsible for the poor growth and death of more plants than 
diseases, insects, or any other cause. Although it is possible to see with the 
naked eye how and when a plant responds to low water supply, it is oi 
interest to know the extent to which a drying soil affects metabolic processes 
before and during the time wilting is visible. It is of interest also to knov 
whether a wilted plant recovers immediately in leaf activity when water ha« 
been supplied to the soil, or if normal activity is delayed or never again at 
tained. The results presented in this paper trace the daily effect of £ 
gradually drying soil on apparent photosynthesis, respiration, and transpira 
tion of small apple trees as the soil in w^hich they were growing gradually 
dried to approximately the wilting percentage, after which it was watered 
to field capacity. 

Methods 

Environment-control chamber experiments 

In the Horticulture and Forestry Building, Ohio State University, a large 
insulated chamber (6) seven by eight by eight feet high, inside dimensions, 
has been constructed for the pur])ose of controlling light, temperature, and 
relative humidity while leaf metabolism tests are being made. At the time 
of these experiments no effort was made to control the amount of carbon 
dioxide in the air. The air replacing that removed by the pump was drawn 
from the outside of the building. Carbon dioxide in the air usually aver- 
aged about 15 to 17 milligrams per cubic foot, corrected to standard tem- 
perature and pressure. 

The apparatus used and the procedure followed to determine the carbon 
dioxide exchange was similar to that previously described by Heinicke (9) 
and Heinicke and Hoffman (11) except that a mercury piston air pump^ 
was used to draw the air over the leaves. This method measures the amount 
of carbon dioxide absorbed by the leaf and is therefore a measure of appar- 
ent photosynthesis and not actual photosynthesis. Thus whenever the term 

1 This paper has been published in abstract elsewhere (7) . 

» Thanks are expressed to I)R. A. J. Heinicke, Cornell University, who devised the 
pump and granted us special permission to use it in our experiments. 
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photosynthesis is used in this paper it should be considered as meaning 
apparent photosynthesis. 

The Stayman and McIntosh apple trees used in the chamber experiments 
were two years old and growing in five- and ten-gallon glazed stone crocks. 
The soil in these containers had a moisture equivalent of 36.4 per cent, and 
a wilting percentage of 15. 2 (determined by analyzing the soil after dwarf 
sunflowers had grown in it to about 10 inches in height, then allowed to 
wilt). The trees had been cut back to 8-inch stubs when set in the green- 
house in December, 1938, and one vigorous shoot was allowed to grow from 
each stub. Six leaves were selected for study on the check tree and six on 
the test tree, all of which were evenly spaced around the three- to four-foot 
shoots. Terminal buds did not form on any of the test trees during periods 
of experimentation. 

Daily determinations started at 11 : 00 a.m. and were run for three hours, 
immediately after which several respiration determinations were made at 
times specified later. To make a respiration determination the lights were 
turned off and an office heating cone, which had been attached to an oscil- 
lating fan, was turned on to help maintain with the cooling system a constant 
temperature level. 

The entire bank of lights was usually turned on about 7 : 45 a.m. each 
morning. They were turned off between 5 : 00 and 6 : 00 p.m. since earlier 
tests have indicated that small apple trees should receive equal amounts of 
light each day if a fairly consistent relationship in leaf activity from one day 
to the next is maintained between two trees. 

Transpiration was measured by a method similar to one described pre- 
viously (10). The system consisted of several Freshman bottles (2 inches 
in diameter by 4J inches high, one for each leaf and air-check line) which 
contained ground pumice stone impregnated with sulphuric acid. The acid 
efficiently removed water vapor from air flowing through 9-mm. glass tubing 
at the rate of three to four cubic feet per hour, and did not interfere with 
the carbon dioxide to be removed later in the absorption towers. After each 
determination the rubber stoppers, with glass attachments and metal num- 
bers, were removed from the bottles which, in turn, were placed in a drying 
oven at about 160° C. After 24 hours the bottles were removed and allowed 
to cool to air temperature, stoppered, and held ready for the next run. 
These bottles could bemused for a month or more mitil the absorption medium 
became somewhat weak and it was necessary to impregnate the stones again 
with sulphuric acid. The common laboratory procedure for preparing these 
stones was essentially as follows : Place pumice stones about the size of peas 
in an evaporating dish or casserole and cover with concentrated sulphuric 
acid. Place on a hot plate and heat until dense white fumes appear, then 
continue the heating for one-half hour. Allow to cool and drain off all of 
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the acid. Again heat the pumice until heavy white fumes of sulphur tri- 
oxide are given oflf. At the end of this heating, there should be no excess of 
sulphuric acid present. Cool in a desiccator and store in stoppered glass 
containers. 

General procedure 

The general procedure employed for the water deficiency experiments 
was essentially as follows: Determinations of apparent photosynthesis, 
transpiration and, in some eases, respiration were made from three to five 
days before the dry period began in order to establish a relationship in leaf 
activity between the group of leaves to be used as test leaves and' those to 
remain as controls. When a consistent relationship had been established, 
the test tree ceased to receive water while the check, or control, tree received 
it daily in order to keep the soil at approximately the field capacity. Daily 
determinations were continued until the test plant had reached the incipient 
or permanent wilting stage (as specified later) when the soil was again 
watered to field capacitj" and the runs continued for 7 to 10 days. Stomatal 
observations were made either by removing small sections one centimeter 
square from neighboring leaves on the shoot and immediately inspecting 
them under the microscope, or by observing the inverted intact leaf through 
a mounted microscope. 

Field experiments 

The assembly of carbon dioxide absorption towers, electric air pump 
(instead of mercury piston i)iimp), and wet test meter ivere located in the 
greenhouse and connected by glass tubing to individual leaves on two Stay- 
man ai)])Ie trees. The trees were growing in five-gallon glazed stone crocks 
outside the greenhouse where they were fully exposed to the sun. Soil 
surrounding their root systems had a moisture equivalent of 38.4 per cent, 
and a v ilting percentage of 15.55. Leaf cups were attached to six leaves on 
the test plant and to four leaves on the check while two of the air lines were 
reserved to determine the amount of carbon dioxide in air before it reached 
the leaves. Leaves selected on each tree were evenly distributed up and 
down and around the four- to five-foot shoots. Two four-hour determina- 
tions were usually made each day, the first beginning about 7 : 00 a.m. and 
the second about 11 : 30 a.m. Light and temperature readings were recorded 
at the beginning, middle, and end of each run with a Weston illuminometer 
and a Fahrenheit dairy thermometer. 

Results 

Environment-control chamber 

Four experiments were performed in the environment-control chamber. 
Tn the first test only apparent photosynthesis determinations were madej in 
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the second and third experiments apparent photosynthesis, respiration, and 
transpiration data were recorded ; in the fourth only respiration was studied. 

Experiment I (apparent photosynthesis). — ^The trees used in this 
experiment were of the McIntosh variety ; tree A was the check and tree B 
the test plant. During each determination the temperature was held at 
80® F., and light intensity was constant at an average of about 4000 foot 
candles for all leaves concerned. Relative humidity was approximately 30 
per cent, during the light period. A relationship between the photosynthetic 
activity of trees A and B was established in the eight-day period from 
February 14 to February 21. The data in table I show the daily rate of 
apparent photosynthesis in milligrams of carbon dioxide absorbed per 100 
square centimeters of leaf surface per hour, before and after the dry period. 
The test tree, B, received its last watering the night of February 20, while 
the check tree. A, received it daily throughout the experiment. The leaf re- 
lationship during the standardization period showed that for every 100 
milligrams of carbon dioxide assimilated by the check plant the test plant 
utilized 128.9 milligrams. Thus, the expected rate of the test plant was 
128.9 per cent, of the check (see foot-note in table I for explanation of figures 
termed expected rate and percentage expected rate). During the first four 
days of the dry period from February 22 to 25, the test plant sliowed an 
average increase in carbon dioxide assimilation of about three per cent, 
above its rate previous to the treatment. From February 25 until March 
3 there was a gradual decrease in the rate of photosynthesis of tree B from 
101 to 76 per cent, of the expected rate. At no time during this period did 
the test tree show signs of wilting, even by late afternoon when the lights 
were usually turned off. On March 4 there was a sharp reduction in photo- 
synthesis, to 46 per cent, of the expected rate; no wilting was evident, how- 
ever, until about three hours following the determination when the leaves 
appeared to be slightly flaccid. The next day, March 5, the test tree was 
fairly turgid at the start of the run but was wilted at the end of the determi- 
nation, with the top leaves showing the greatest effect of water deficiency. 
The entire tree showed signs of wilting on the following morning of March 
6 when the lights were turned on. The soil continued drying until March 11 
when assimilation had gradually fallen to around 14 per cent, of the expected 
rate. Stomata on the test tree appeared to be closed continuously during the 
period of wilting, including the mornings before determinations were started. 
It is interesting to note that fairly good values for photosynthesis were ob- 
tained when the leaves were somewhat wilted and the stomata appeared to 
be closed. On March 11, about two hours before the determination, water 
was added to the dry plant and by starting 'time the tree had almost re- 
covered to complete turgidity. Within another hour the stomata were al- 
most as far open as were those on the check leaves (75 to 100 per cent.). 
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TABLE I 

Effect of soil moisture on the rate of photosynthesis of McIntosh apple leaves. 
Experiment I, temperature 80° F. 


Date, 1939 

Apparent values of photosynthesis 

IN COa/100 Cm*/Hr. 

Expected rate 

OF test tree 

Control ' 

Test 


mg . 

mg . 

% 

Feb. 14 

31.4 

37.7 


15 

26.8 

29.6 


16 

21.7 

30.3 

t 

17 

23.0 

33.0 


18 

12.9 

15.2 


19 

17.6 

26.1 


^20* 

15.4 

24.4 


21 

19.7 

21.6 


Average 

21.1 

27.2 

128.9t 

22 

11.2 

15.0 

103.9J 

23 .. 

15.2 

20.1 

102.6 

24 

11.8 

16.0 

105.1 

25 . .. 

12.5 

16.3 

101.2 

26 

18.9 

19.1 

78.4 

27 

14.0 

11.1 

61.4 

Mar. 1 

7.6 

7.5 

76.5 

2 

12.4 

12.2 

76.3 

3 . . . . 

15.7 

15.4 

76.1 

4 

8.7 

5.0** 

44.6 

5 

20.8 

15.4 

49.7 

6 

13.6 

5.4 

♦ 30.8 

7 

9.1 

5.4 

46.0 

8 

15.9 

2.3 

11.2 

9 

0.2 1 

2.2 

18.5 

10 

12.4 

3.2 

13.8 

lit 

10.3 

8.8 

66.3 

12 

10.3 

8.5 

64.0 

13 

12.2 

16.5 

104.9 

16 

10.0 

14.9 

115.6 

17 

10.5 

13.7 

101.2 

18 

16,0 

20.4 

98.9 

19 

11.1 

14.9 

104.1 

20 

1 8.6 

10.9 

98.3 

21 

1 10.5 

15.5 

114.5 

22 

15.9 

17.9 

87.4 

23 '1 


8.6 

84.5 

24 

' 11.9 

13.8 

90.0 

25 

12.6 

14.2 

1 i 

87.4 


^ The test plant last received water on the evening of February 20, 
t Test plant watered to field capacity of the soil two hours before determination was 
made. 

t Obtained by dividing the average apparent photosjnathetic value (27.2) for the test 
tree by the average value (21.1) for the check tree and multiplying by 100. 

} Obtained by dividing the daily rate of photosjrnthesis of the test tree (15.0) by 
the daily rate of photosynthesis of the check plant (11.2), multiplying by 100 and 
dividing the product by 128.9. 

** Test tree showed first signs, wilting two hours after run. 
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Assimilation during this run recovered to 66 per cent, of its expected rate 
and within 48 hours had returned to its original status. 

From March 11 to 15 the test tree was watered daily and then allowed to 
dry again. During the six-day period which followed March 15, apparent 
photosynthesis of the test plant averaged 105.4 per cent, of its expected rate; 
or, in other words, it showed a 5 per cent, increase which corresponded with 
the average 3 per cent, increase obtained at the beginning of the first dry 
period from February 22 to 25. Beginning with March 22, however, photo- 
s 3 Tithetic activity began to decrease at a rate similar to the first test. The 
experiment was discontinued. 

t 

Experiment II (apparent photosynthesis, respiration, and transpira- 
tion). — Stayman Winesap trees were used in this experiment. Tempera- 
ture in the chamber duriiip: each determination was constant at 90° P. and 



Pig. 1. The influence of a gradually drying apil on apparent photosynthesia and 
transpiration of apple leaves. The test tree was last given water the evening of April 1# 
First wilting occurred the afternoon of April 10; soil was watered to field capacity two 
hours before the determination on April 16 (experiment II)* 
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light averaged approximately 4000 foot candles for the six test and six 
check leaves. These factors did not vary during the nine-hour day from 
8 : 00 A.M. to 5 : 00 p.m. At other hours of the day. the lights were turned 
off and the plants remained at room temperature which was about 75® P. 

Data for this experiment are presented in table II and graphically shown 

TABLE II 


Influence of soil moisture on photosynthesis, respiration, and transpiration or 
Stayman apple leaves. Experiment II, temperature 90° F. 


Date, 

1939 

Apparent values per hour per 100 cm^ 

t 

TION 

i 

Expected RATE OF 

I test tree* 

Assimilation 

CO, 

Transpiration 

H,0 

Bespira 

CO. 


Control 

Test 

Control 

Test j 

Control 

Test 

Assim. 

Transp. 


m/7. 

mg. 

gm. 

gm. 

mg. 

mg. ^ 

% 

% 

Mar. 27 

22.1 

26.7 

1.9 

2.0 



k 


28 

14.1 

2(1.1 







29 

12.9 

17.1 

3.2 

3.4 





30 

22.6 

30.7 

2.9 

3.7 





31 

19.4 

25.9 

2.7 

3.6 





Apr. It 

17.8 

22.8 

3.5 

3.7 





2 

16.2 

22.1 

3.3 

3.9 





A\ orage 

17.9 

23.6 

2.9 

3.4 



131.8 

117.2 

4 

13.0 

18.2 

3.4 

3.4 

3.6 

2.0 

106.2 

85.3 

T) 

15.7 

19.8 

3.8 

3.6 



95.6 

80.8 

6 

20.5 

24.8 

3.9 

3.8 

7.0 

6.0 

91.7 

83.1 

7 

18.4 

21.3 

3.2 

2.4 



87.8 

64.0 

8 

18.5 

22.0 

2.8 

2.0 



90.2 

60.9 

9 

17.1 

5.9 

1 




26.2 


10 

36.4 

17.6 

1 3.3 

1.0 



36.6 

25.9 

11 

18.6 

4.2 

o q 

0.5 

2.6 

4.6 

17.1 

14.7 

12 

18.6 

5.4 


1.0 

5.5 

6.5 

22.0 

24.4 

13 

11.9 

1.4 

4.2 

1.0 



8.9 

20.3 

14 

13.8 

2.5 

3.3 

0.6 

1.5 

3.5 

13.7 

15.5 

13 

12.6 

2.2 

3.2 

0.5 

4.7 

5.2 

13.2 

13.3 

W 

19.9 

11.7 

3.8 

2.3 

3.3 

4.0 

44.5 

51.6 

17 

14.7 

9.5 

3.1 

1.8 

3.8 

4.8 

49.0 

58.0 

18 

16.5 

14.7 

2.5 

1.6 

4.2 

5.0 

67.6 

54,6 

19 

13.0 

12.7 

2.4 

2.9 

2.9 

2.9 

74.1 

103.1 

20 

14.6 

16.6 



3.6 

3.4 

86.3 


21 

16.7 

20.9 



2.9 

1.5 

94.9 


22 

10.5 

14.7 





106.2 



* See table I for method of calculation. 

t Test tree last watered the evening of April 1. (No determination made first day of 
dry period, April 3.) 

t Test tree thoroughly watered two hours befoie test period began. 

in figure 1. The relationship between the control tree, 0, and the test tree, 
D, was established in the seven-day period from March 27 until April 2. 
During this standardization period the test plant was found to have an 
expected photosymthetic rate of 131.8 per cent, and an expected rate of 
transpiration of 117.2 per cent. No determinations were made on April 3. 
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On April 4 the test tree showed an increase of 6 per cent, in photosynthesis. 
This increased rate of photosynthesis during the early part of the dry 
period apparently lasted at the most only two days. This shorter period 
of increased photosynthetic activity, as compared with the four-day period in 
the previous experiment, was probably due to the 10 degree higher tempera- 
ture which caused a more rapid drying of the soil and a higher rate of 
transpiration by the leaves. It is interesting to note that while photo- 
synthesis showed a six per cent, increase on April 4, transpiration showed 
a 15 per cent, decrease. On the following day, April 5, the percentage 
expected rate of apparent photosynthesis was about 4 per cent, below its 
rate previous to the test period ; transpiration, however, showed about a 19 
per cent, decrease. Prom April 5 until April 8 photosynthesis of the test 
tree showed a 19 per cent, decrease and transpiration a 40 per cent, decrease. 
It is apparent from these data that transpiration showed a marked drop two 
days before an appreciable reduction in photosynthesis occurred. The test 
tree showed slight wilting at the tip at the conclusion of the run on 
April 10. It had recovered, however, within two hours after the lights were 
turned off in the afternoon. In spite of the slight wilting which occurred 
at the end of this three-hour run the test plant assimilated carbon dioxide at 
the fairly good rate of 17.6 milligrams per 100 square centimeters of leaf 
surface per hour. On April 11 the lights were turned on about three hours 
before the run began, and at starting time the plant again showed signs of 
slight wilting at the tip. By termination of this run all leaves were droop- 
ing. Carbon dioxide assimilation was 17 per cent, of the expected rate while 
transpiration was only 15 per cent, of its expected rate. In the period from 
April 11 to 16 as the plant' continued to dry, the photosynthetic activity and 
transpiration of tree C dropped in each case to about 13 per cent, when the 
soil in which it was growing had reached a definite wilting percentage. 

About two hours before the run was started on April 16 the test tree was 
thoroughly watered but it did not recover to full turgidity until about 
three hours after the lights had been turned off in late afternoon. Although 
the plant was obviously wilted during this run, the rate of photosynthesis 
and transpiration increased to 44 and 52 per cent., respectively, of their 
original rate. By April 19 carbon dioxide assimilation of the test plant had 
increased to about 74 per cent, of its former rate, while transpiration showed 
a rapid increase to" 106 per cent. On the day following this increase in 
transpiration, photosynthetic activity increased to 86 per cent., and by 
April 22 showed complete recovery to 106 per cent, of the expected rate. 
Thus, the time required for this plant to return to about normal transpiration 
€uid assimilation after the dry period was fSur and seven days, respectively. 

A three-hour respiration determination was made on several occasions 
following the above daily tests. Conditions were maintained the same with 
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the exception that the chamber was darkened. Unfortunately no respiration 
runs were made before the start of the dry period. On April 4 and 6, how- 
ever, respiration tests were made on the two sets of leaves when photo- 
synthesis and transpiration had not as yet shown marked reductions. In 
table TI it is apparent that the respiration rate of tree C, the test plant, was 
lower than that of the check tree, D, for both determinations. By April 11 
when the next determination was made, however, respiration of the drying 
plant had increased above the check and this relationship continued during 
the dry period, and for four or five days after the water had been added on 
April 16. It is evident in table II that variations in the rate of respiration 
were directly opposite to variations in photosynthesis. When the former 
process showed an increase, the latter showed a decrease as the soil gradually 
dried ; after water was added, the situation was slowly reversed. 

Experiment III (apparent photosynthesis, respiration, and transpi- 
ration), — This experiment was carried out under the same procedure and 
set of conditious as the previous experiment except the temperature was 
10° F. higher (100° F.) and the test plant was allowed only to show incipient 
wilting before water was supplied. Tree E, the control, and tree F, the test 
were both of the McIntosh variety. During the standardization period, 
April 24 to April 28, both trees were watered daily in the evening until the 
evening of April 28 when only the control tree received water and the test 
plant was allowed to begin drying. In this experiment, as in the previous 
two experiments, shortly after the last watering the test plant showed an 
increase in photosynthetic activity over a two-day period, April 29 and 30, or 
an average increase of about seven per cent. Transpiration also showed a 
slight increase on but one day, April 29. According to the data in table III, 
it is evident again that transpiration shows a decrease before photosynthesis 
when water becomes limiting. Transpiration dropped slightly on May 30, 
and photosynthesis showed a alight decrease the next day ; the first marked 
drop in transpiration came on May 3 while the first marked drop in photo- 
synthesis occurred the following day. Toward the end of the determination 
on May 6 the test plant showed signs of wilting but recovered about two 
hours after the lights were turned off in the evening. Photosynthesis and 
transpiration on this day were 44 and 36 per cent., respectively, of their ex- 
pected rate. Soil in which the test plant was growing was watered to field 
capacity late in the evening of May 6. The next day photosynthesis had 
recovered to almost its original status and had completely recovered by May 
8. Transpiration showed complete recovery by May 9. 

Immediately following each of the above determinations the chamber 
was darkened and respiration runs were made at the same temperature 
(100° F.) on four leaves on each of the above test and check plants (see 



574 


PLANT PHYSIOLOGY 



* See table I for method of calculation, 
t Test tree last watered evening of April 27. 
t Test tree watered thoroughly evening of May 6. 
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experiment IV rejsrarding the remaining four leaf cups which were attached 
to another drying plant for respiration studies). The data are given in 
table III and shown graphically in figure 2. It is apparent again that as 



Fio. 2. The iufluence of soil moisture on respiration of apple leaves. The test tree 
received the last watering on the evening of April 27. It was watered again the evening 
of May 6 (experiment III). 

water becomes limiting to an apple tree the respiration rate correspondingly 
increases, but when the plant has been w^atered again it gradually returns 
to its original relationship with the check plant. The highest rate of respi- 
ration, a 62 per cent, increase, was recorded on May 6 when transpiration 
and photosynthesis were lowest and the plant showed definite signs of 
wilting. 

Experiment IV (respiration). — ^Data presented in table IV were col- 
lected on a McIntosh test tree, G, at the same time respiration determinations 
were made on tree F in experiment III. Leaf cups were attached to four 
leaves on test tree, O, while the control tree, E, remained as a reference in 
both experiments III and IV. The standard relationship between assimila- 
tion of the test and control leaves was established betw’een May 4 and 6, and 
from the evening of May 6 to 9 inclusive the test tree received no additional 
water. In table IV it is evident that on the first day of the dry period, May 

7, tree G showed the beginning of a gradual increase in respiration. On May 

8, 9, and 10 there were further increases in respiration to 23, 34, and 30 per 
cent., respectively. After the test plant had been watered thoroughly the 
evening of May 10, it returned on May 11 to almost its original relationship 
in respiration with the reference tree. Thus, it is apparent from these data 
that when the dry period for an apple tree is short and less severe, respira- 
tion of its leaves returns from an increased rate to its normal status more 
quickly after water again has been supplied. 
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TABLE IV 

ErPBCT OP SOIL MOISTURE ON RESPIRATION OP MoINTOSH APPLE LEAVES. 

Experiment IV 


Date, 

1939 

Apparent values pob 
respiration in COs/ 

100 CmVHr. 

Expected 

RATE op the test 


Test 

Check 



mg. 

mg. 

% 

May 4 

2.9 

4.5 


6t 

1.7 

2.7 


6 : 

2.6 

4.2 


Average 

2.4 

3.8 

158.3 

7 

3.0 

5.7 

120.0 

8 

2.2 

4.3 

123.4 

9 

4.0 

8.5 

134.2 

lot 

1.7 

3.5 

130.0 

11 

2.2 

3.7 

106.3 


* See table I for method of calculation, 
t Test tree received last watering evening of May 5. 
t Test tree watered to field capacity evening of May 10. 


Field experiments’* 

During the summer of 1938 three experiments were carried out in a 
manner similar to those in the control chamber with the exception that the 
trees were placed outside the greenhouse where they were exposed to en- 
vironmental conditions typical of central Ohio. The data are presented in 
figure 3 for one experiment which we considered, in general, almost identical 
with results obtained in the other two tests. Before it was evident that 
small variations in soil moisture had definite effects on leaf metabolism (as 
has been pointed out in the chamber experiments), it was decided to water 
the control plants in these tests only at intervals of 2 to 4 days when the 
soil appeared dry on the surface. Tljie interval of watering obviously de- 
pended upon whether days were cloudy or sunny. This probably accounts 
for the fact that the relationship in photosynthesis between the two trees held 
practically constant for abou^ three days after the dry period began (July 
12) when the control tree also did not receive water for two days. Daily 
records show that water was applied to the control tree the mornings of July 
12, 14, and the late afternoon of July 15 during the early part of the test 
period. From Hie afternoon of July 14 to the morning of July 18 the drying 
plant showed a definite relative increase (as much as 70 per cent., July 15) in 
carbon dioxide assimilation, which is similar to the behavior of drying plants 
in the chamber experiments. Beginning with the morning of July 19 there 

3 The authors appreciate the assistance of Mr. Vernon Patterson, senior in 
pomology, in performing the routine chemical analyses of the solutions. 
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Fig. 3. The influence of soil moisture on apparent photosynthesis of apple leaves 
under central Ohio weather conditions in July. The test plant received water on July 12 
and again on July 22 at 10: 50 a.m. In the lower part of the figure the relationship in 
phojtosynthesis between the test and check trees on July 12 and 13 was taken as a 
standard for comparison of leaf activity on the remaining days. 
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was a gradual decrease in photosynthesis as the plant continued drying. 
During this period the weather was generally cool and often cloudy which 
afforded ideal conditions for a very gradual drying of the plant, thus avoid- 
ing any sudden scorching of the leaf tissues. The leaves on the test tree 
showed no signs of wilting until late afternoon of July 19 when slight wilting 
on the lower leaves occurred ; this again stresses the fact that there may be a 
marked reduction in photosynthesis by apple leaves before wilting is visible 
to the eye. On the morning of July 20 the test tree had recovered, 
but by mid-afternoon two lower leaves were scorched at the tip and margins 
and the lower leaves, in general, were badly wilted. Again, early in the 
morning of July 21, the plant had shown noticeable recovery overnight, but 
by late afternoon several more leaves were scorched and the entire plant was 
very definitely wilted. At 10 : 50 a.m., July 22 the dry plant was thoroughly 
watered but did not recover until late afternoon. The morning of July 23 
it appeared to be fully turgid, and according to figure 3 had recovered in 
photosynthesis in about three days. It then was allowed to begin drying 
again when the experiment was discontinued. 

Discussion 

The data in experiments I, II, and III obtained in the environment- 
control chamber and the data obtained in the field (fig. 3) have shown a 
consistent increase in photosynthesis when the moisture in a relatively heavy 
type of soil fell below its field capacity. In an earlier report by Heinicke 
and Childers (11) similar results were noted and it was suggested that “the 
optimum soil moisture for photosynthesis of apple trees may be below the 
field capacity of the soil, or certainly, below a degree of saturation which 
persists for a day or so after watering. This would seem reasonable to 
expect in view of the numerous reports (2, 15, 21) which stress the impor- 
tance of good soil aeration as it influences root and top growth. P^rom the 
standpoint of moisture content of the leaves. Brilliant ( 4 ) has shown that 
photosynthesis is at its maximum when leaf moisture was reduced 5 to 15 per 
cent, in Hedera heltx and Impatiens parviflora. It may also be noted in 
experiment II (90® F.) that transpiration showed a decrease of 15 per cent, 
at a time when there was a 6 per cent* increase in photosynthesis. It is 
probable that if transpiration tests had been made at the lower temperature 
of 80® P. (experiment I) when the period of increase in photosynthesis ex- 
tended over a four-day period, the above relationship between photosynthesis 
and transpiration would have been more pronounced. 

It has been stated by MiiiLEE ( 18 ) that lyater plays both a direct and 
indirect role in photosynthesis : directly, by entering into chemical combina- 
tion with carbon dioxide to form carbohydrates ; and indirectly, by govern- 
ing the opening of the stomata which, in turn, governs the intake of carbon 



SCHNEIDER AND CHILDERS: INFLUENCE OP SOIL MOISTURE 


579 


dioxide. In case of moderate water shortage to apple leaves, however, 
Magness (17) states that there is so much water present in the leaf, even 
at time of stomatal closing, that it seems doubtful if a deficiency of water 
is a direct factor in reduced photosynthesis. In our experiments it has been 
difficult to establish a definite relationship between photosynthesis and 
stomatal opening at the time water becomes limiting ; in several observations 
made by the junior author at Ithaca, N. Y., it appeared that there was a 
drop in carbon dioxide assimilation about the same time, or shortly after 
closing of the stomata was evident, due to water shortage. It does seem 
fairly clear, however, that under moderate weather conditions, there may be 
a 5 to 15 per cent, reduction in transpiration before stomata begin to show 
the effects of low water supply and before photosynthesis begins to show a 
definite decline (experiment II). Magness (17) also found that moisture 
supply in the apple leaf may be reduced to an appreciable extent before 
stomata begin closing, *^in some tests being approximately 5 to 7 per cent, 
higher at the time of stomatal opening than at the time of stomatal closing. 
He further states that under orchard conditions the early closing of stomata 
has proved to be about the best indication of the beginning of water shortage. 
Stomata, in most cases, were more sensitive to water deficiency than was the 
growth rate of the fruit. 

With the type of soil used here (moisture equivalent of 38.4 per cent. ; 
wilting coefficient of 15.55 per cent.) it is clear that there may be marked 
reductions in photosynthesis and transpiration and an increase in respiration 
before wilting in the apple is apparent. The length of time before wilting 
that these reductions may take place is dependent obviously upon the 
evaporating power of the air (experiments I (80°), II (90°), and III 
(100° F.) ) and the mass of soil about the roots as well as the soil structure. 
The results presented here are in accord with those of Lewis, Work, and 
Aldrich (16) aaIio report in the case of heavy soils at Medford, Oregon, that 
fruit and tree growth were reduced significantly before soil about the ma- 
jority of the roots of pear trees reached the wilting point. They state that 
fruit growth was reduced whenever soil moisture content fell below 70 per 
cent, of the available capacity. In case of the lighter soils (wilting coeffi- 
cient of 8 to 10 per cent.) in California, however, Hendrickson and Veih- 
meyer (12) have pointed out that fruit and tree growth were not reduced 
if the soil moisture remained about one per cent, or more above the wilting 
coefficient. Howlett (13) also states that with the Wooster Silt Loam 
(wilting coefficient of 7.5 to 8.0 per cent.) he was unable to detect any 
significant reduction in rate of fruit growth in the apple as long as the 
moisture was above the wilting coefficient. 

It is generally considered uncertain that stomata are tightly closed even 
though they appear so under the microscope; it is interesting, however, to 
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note that on several occasions in these experiments we have obtained fairly 
high rates of photosynthesis when the stomata appeared to be completely 
closed. In his work with com, Sayre (19) has pointed out from con- 
siderable experience in the field where the ‘^ultrapak’' microscope was 
employed that there is no close relation between stomata and photosynthe- 
sis in com and that maximum photosynthesis can go on in the absence of 
open stomata. Bernbeck (1) also found that stomatal opening and photo- 
synthesis operate independently under conditions of moderate water 
deficiency. 

The time required for a wilted plant to recover to normal leaf activity 
after it has been wate'red is correlated, as one would expect, with the 
severity and length of the drought period [experiments II and III, and in 
the field (fig. 3)]. In experiment II, when the test plant was allowed to 
remain wilted for several days before watering, transpiration returned to 
approximately normal within 4 days while respiration and photosynthesis 
did not show complete recovery until the sixth and seventh day. In experi- 
ment III, where the plant was allowed to wilt only a single day, photo- 
synthesis, transpiration, and respiration recovered within a day or two after 
the watering. Test plants in the field (fig. 3) were allowed to remain wilted 
for about two days and until several of the lower leaves on the shoots showed 
scorching and abscission before they were supplied with water. The time 
required for photosynthesis to recover was about two days. It should be 
pointed out that these reductions in leaf activity which persisted after water 
was supplied to the wilted plants, occurred even though the plants regained 
full turgidity within a few hours after watering. Iljin (14) who worked 
with Bidens tripartita and Phlomis pungens also found that photosynthesis 
did not recover as soon as the wilted plants regained full turgidity but con- 
tinued to show reductions of 29 per cent. 16 hours after recovery of turgor. 

It is the opinion of Yuncker (22) and others that when water supply to 
plants is reduced, the rate of respiration is likewise reduced ; this does not 
seem to be the case in results presented liere. In every case where respira- 
tion determinations were made on drying plants there was a relatively 
greater amount of carbon dioxide evolved from the drying leaves until the 
plant was watered, after which respiration gradually recovered to its nor- 
mal relationship with the control tree. This is in line with the work of 
Smith (20) who removed water from the leaves of snowdrop, stem tip of 
Tropaeolum, and young stems of Asparagus by means of a vacuum desiccator 
and showed that there was an increase in respiration proportional to the 
amount of water lost until 80 per cent. q|f the water had been removed. 
Respiration remained about the same when Mrater was further diminished 50 
to 60 per cent. From the data in tables II, III, and IV it is evident, also, 
that respiration of apple leaves assumed a more or less level status after the 
first two- or three-day climb, then dropped back upon addition of water. 
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In figures 1 and 3 it is evident that when data from the field are expressed 
in terms of percentage, the trend in photosynthesis is not so smoothly 
plotted as for data obtained in the environment-control chamber. For ex- 
ample, in figure 3, one would logically expect a greater reduction in assimila- 
tion of the drying plant bn July 21 than on the previous day, July 20, 
because the soil, if anything, would be drier on the second day. The reverse, 
however, was true : there was a 66 per cent, reduction in photosynthesis on 
July 20 and only a 16 per cent, reduction on July 21. This and other un- 
expected variations in the photosynthetic relationship between the control 
and the test trees in the field might be explained by the wide variations in 
light, temperature, and other uncontrollable factors. 

Summary 

1. Determinations of apparent photosynthesis, transpiration and, in 
some cases, respiration were made on small apple trees while the soil in 
which they were growing gradually dried to the wilting percentage, after 
which it was watered to field capacity. The reference trees were watered 
at regular intervals. Experiments were performed both in the field and 
in a large insulated chamber where light was held constant at an average 
of about 4000 foot candles for all leaves concerned, humidity at about 30 
per cent., and temperature at levels of 80°, 90° or 100° Fahrenheit. 

2. The data show that an increase in apparent photosynthesis was asso- 1 
ciated with a slight decrease in soil moisture below the field capacity of the ' 
dark, fairly heavy soil employed in these experiments. Under temperature 
conditions of 100° F. this period of increase in photosynthesis was shorter 
(1 to 2 days) than when the temperature was 80° F. (2 to 4 days) ; this 
was probably due to the more rapid drying of the soil and the greater 
transpiration rate at the higher temperature. 

3. At a temperature of 80° F. the first reduction in apparent photosyn- 
thesis occurred the fifth day after the last watering; at temperatures of 90° 
and 100° F. the first reduction in assimilation occurred on the third day. 
Ordinarily, under conditions of a gradually drying soil, there was a reduc- 
tion in the rate of transpiration for at least one day before there was a 
reduction in photosynthesis. If evaporation conditions were low, this re- 
duction in transpiration sometimes extended over a longer period of time 
before photosynthesis showed a definite decrease. 

4. Before wilting was evident, there were marked reductions in apparent 
photosynthesis and transpiration, and an increase in respiration; in one 
case there was a 55 per cent, reduction in photosynthesis, a 65 per cent, 
reduction in transpiration, and a 62 per cent, increase in respiration. 
Stomata at this time appeared to be completely closed, 

5. On several occasions fairly high rates of photosynthesis were obtained 
when the stomata appeared to be closed. 
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6. When the plants showed definite wilting, and the soil moisture was 
approximately at the wilting percentage, there was an* 87 per cent, reduction 
in both photosynthesis and transpiration. It was not uncommon for wilted 
apple leaves to absorb from one to ten or more milligrams of carbon dioxide 
per 100 square centimeters of leaf surface per hour. 

7. When water was applied to the soil in which wilted apple trees were 
growing, the leaves usually attained turgidity within three to five hours, 
depending upon their degree of wilting. They did not, however, recover 
to their original relationship with the controls in photosynthesis and respira- 
tion before two to seven days after the watering. Transpiration usually 
recovered about the same time as photosynthesis or slightly earlier, 

8. The general trend of photosynthesis for the test plants was approxi- 
mately the same in the field as in the environment-control chamber. 

Ohio Agricultural Experiment Station, Wooster 
Ohio State University, Columbus 
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FACTORS AFFECTING ROOT FORMATION OF 
PHASEOLUS VULGARIS 

Kenneth V. Thimann and Eugene F. Poutasse 
(with three figures) 

The successful rooting of leafy cuttings involves three physiologically 
distinct processes: initiation of root primordia; development of true roots 
from these initials; and maintenance of the cutting as an excised organ 
during the rooting. 

The first of these, where it does not take place spontaneously, can be 
brought about in many plants by treatment with auxin. The second (out- 
growth of the roots) involves the formation of cell-wall and protoplasm; 
it therefore requires the supply of carbohydrates and nitrogenous materials, 
together with such special substances as may be needed for root growth. 
Normally all of these materials would be supplied from the leaves or from 
storage in the stem. Too little attention has been paid up to now to the third 
process, the maintenance of the cutting, which, in view of the special con- 
ditions that obtain when leaves are severed from the plant, is of great 
importance. Thus, as pointed out by Chibnall ( 4 ), the detached leaf of 
many plants, including Phaseolus, undergoes a rapid and extensive prote- 
olysis. The present experiments were, therefore, designed to shed some 
light on the second and third of these processes. 

It was our intention to study the influence of nutrition, especially nitro- 
gen nutrition, and other external chemical factors on the rooting and main- 
tenance of leafy herbaceous material. 

Since internal factors must also be considered in such a study, attention 
was paid to the role of auxin and also to the separate roles of the leaves and 
the stem. 

Materials and methods 

Phaseolus vulgaris, the red kidney bean, was used throughout. The 
plants were raised in flats in the greenhouse and used at the age of about 
two weeks. The first simple leaf with its petiole (referred to as **leaf'' 
throughout the text) was used in the majority of the experiments; isolated 
internodes, hypocotyls, and stem sections with attached leaves were also 
employed for comparison. 

All solutions were made up with distilled water. Treatments were basal, 
and applied by immersion to a depth of about 2 cm. in the solution tested. 
The cuttings were supported by cotton plugs inserted into holes in thin 
wood covers, in such a manner th&t their bases dipped into beakers con- 
taining either water or the solution to be tested; the beakers were held in 
a wooden frame. In this way the bases were kept in darkness throughout 
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the experiment. The tops received the ordinary light conditions of the 
greenhouse. This was supplemented in the evening with a sunlight^’ arc 
lamp to give a total constant day-length of fourteen hours since many experi- 
ments were carried out from November, 1939, to March, 1940. Bach experi- 
ment lasted 15 to 20 days from the time of cutting. During the first twenty- 
four hours the cuttings were kept in auxin or water, the next twenty-four 
hours in the tested solution, and the following thirteen to eighteen days in 
distilled water. 

Indole-3-acetic acid was employed as the auxin throughout ; adenine was 
used as sulphate, choline and guanine as hydrochlorides. The weights of 
these substances givefi below, however, refer to the actual weight of base 
present. 

Experimental results 

The influence of auxin 

The effects of treating the base of the petiole with indole-acetic acid of 
various concentrations are summarized in table I. The data are taken 

TABLE I 


Influence or treatment with indole-acetic acid for 24 hours on the sttrvival and 
ROOTING OF Phasfoliis vulgaris (’uttingr* 







Aver.\ge number 


Cuttings alive 

Cuttings rooted 

OF ROOTS PER 

Indole- ACETIC acid used 





ROOTED CUTTING 

per liter 

Water 

Auxin 

Water 

Auxin 

Water 

AUXIN 



TREATED 


TREATED 


THE \TED 


TROL 


TROL 


TROL 


mg. 

% 1 

1 % 

% 

% 



40 

76 1 

1 27 

70 1 

27 



10 (mean of 2 series) 

75 

46 i 

68 1 

46 j 



2 (mean of 2 series) 

78 

64 

67 ! 

60 1 



0.5 

25 

29 


29 1 

10 

40 

0.1 

61 

46 

54 

40 ! 

63 

44 

0.025 (mean of 4 series) 

80 

69 

41 I 

37 j 

23 

57 

0.026 (internode attached) 

100 

100 

75 

92 

23 

24 


* All figures but the last refer to leaf cuttings ; the last series have one complete 
internode attached. Besults after 15 days in greenhouse. 


from a number of separate experiments, «ach of which, however, included 
its own water con^ls. 

It will be se^n that the higher auxin concentrations caused a serious 
increase in mortality; even very low concentrations, in all but two of the 
experiments with the leaf -cuttings, somewhat reduced the number surviving. 
In only one of these two cases (0.5 mg. per liter) was there a significant 
increase in the percentage rooting. 
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On the other hand, practically all of the surviving cuttings, treated with 
auxin at 0.025 mg. per liter or higher, rooted ; in the water controls, 10 to 
80 per cent., or an average of about one-third of those surviving, did not 
root in the fifteen days. This may be seen by comparing the percentage 
alive with the percentage rooted in the same experiment. Further, in all 
but one of the seven experiments in which the number of roots was counted, 
auxin treatment greatly increased the number of roots per rooted cutting. 
This effect is not greatly dependent on auxin concentration. It is strongest 
in the two cases where rooting in water was poor. Examples of large in- 
creases in the number of roots formed may also be seen in tables III, VI 
and VII, To put it briefly, those cuttings which survive the auxin treat- 
ment show an increased root formation, but some cuttings are damaged even 
at concentrations as low as 1/40 mg. per liter. It is evident that this 
material has an unusually high sensitivity, to both the root-initiating and 
the toxic action of indole-acetic acid. 

The notably lower mortality and higher rooting ability of the cuttings 
with attached stem is discussed in the next section. 


Influence of the leaf and stem 


In preliminary experiments it was found that the maintenance of single- 
leaf cuttings in water or nutrient solution depended on the amount of stem 
attached. With Phaseolus, which wilts easily, this phenomenon is very 
striking. The following figures show the percentage of cuttings which were 
evidently alive and not wilted when kept with their bases in distilled water 
for one week in the laboratory ; 


Cutting 


Percentage 

SURVIVAL 


Leaf plus petiole (cut at A, see figure 1) 5 

Leaf plus petiole plus node (cut at B) 22 

Leaf plus petiole plus node plus half the next lower internode (cut at C) 30 

Leaf plus petiole plus node plus whole next lower internode (cut at U) 67 

Leaf plus petiole plus node plus whole next lower internode plus next 

lower node (cut at E) 78 


Another comparison, with somewhat younger plants, done in the green- 
house, is presented in table II. Though the survival is higher and thus more 
normal, the beneficial influence of the added stem section is still clear. Since 
the internode by itself does not survive appreciably (column 4) it is the 
combination of leaf with stem tissue which is most viable. The results in 
nutrient solution are similar to those in water, so that the effect cannot be 
ascribed to simple nutritional deficiency. 

Root formation shows the same response as survival. The effect of an 
attached internode is shown in table III. The cuttings were first treated 
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Fio. 1. Sketch showing points at which cuttings were taken. 

TABLE II 

Survival of various types of Phaseolus cuttings after 15 days in the greenhouse, 

IN water or in nutrient* 


Percentage of cuttings alive 



Leaf only ; 
(CUT AT A) 
MEAN OF 

3 expts. 

Leaf plus 

NODE; 
(CUT AT B) 

1 EXPT. 

Leaf plus 

NODE PLUS 

internode ; 

(CUT AT D) 

1 EXPT, 

Isolated 
(LEAFLESS) 1 
INTERNODE; 
MEAN OF 

2 EXPTS. 

Isolated 

hypo- 

COTYL ; 
MEAN OF 

2 expts. 


% 

% 

% 

% 

% 

In water 

65 

70 

85 

1 2 

17 

In nutrient solution 

67 

90 

90 

2 

12 


* Hoagland 's solution, quarter strength. For points at which cutting was made, see 
figure 1. 


TABLE III 

Booting and mortaijty after 16 days in watpeb in the greenhouse. Auxin 
treatment 0.025 mg. per liter 



Percentage booted 

Number of roots 

PER rooted cutting 

L. 

Percentage alive 

First 24 hours in: 

Water 

Auxin 

Water 

Auxin 

Water 

Auxin 


^ 

% 



% I 

% 

Leaf (cut at A) 

Leaf plus internode 

23 

8 

3 

47 

92 

80 

(cut at B) 

69 

92 

81 

22 

100 

100 


basally with water or auxin (0.025 mg. per liter) for 24 hours, then kept 
with their bases in water for 16 days and roots counted. When the in- 
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ternode is absent, auxin increases the number of roots per rooted cutting. 
It also evidently causes some toxicity, as shown by reduced percentage 
of rooting and increased mortality. When the intemode is attached this 
toxicity disappears and at the same time the percentage of cuttings rooted, 
either with or without auxin, is greatly increased and survival becomes 
complete. 

The explanation for this influence of attached stem sections in main- 
taining the cutting alive cannot as yet be given, but it seems highly prob- 
able that it is due to a contribution of some organic substance, or substances, 
by the stem. 

After-treatment of the cuttings 

Mineral nutrients. — In maintaining cuttings in solution it was first 
necessarj" to know whether or not they required aeration. In comparative 
experiments with leaves, internodes, and hypocotyls the influence of aerating 
the water or nutrient solution was found to be negligible. In most instances, 
indeed, the stream of air so promoted the growth of microorganisms that 
the cuttings became infected. Aeration was therefore not adopted. 

The effect of providing nutrients was tested in a number of experiments. 
Hoagland^s solution (7) at one quarter strength was found satisfactory. 
It maintained the roots in white and active condition, as compared to the 
evident browning after 15 days in water. On the other hand the solution, 
if anything, inhibited root initiation. In one experiment leaves, with and 
without auxin treatment, rooted 42 and 45 per cent., respectively, in nutrient 
solution ; those kept in water rooted 55 and 50 per cent., respectively. 


TABLE IV 

Influence of nutrient salts. Auxin 0.025 mg. pee liter 


First 24 

HOT RS 

Nutrient soltttion 
SECOND 24 HOURS 

Cuttings 

ROOTED 

Mean number 

OF ROOTS PER 

booted cutting 

Total number 
OF roots on 30 

CUTTINGS 



j 

% 



Water 

Auxin 

W^ater 


60 

60 

27 

29 

520 

Water 

Auxin 

ra(NO,). 

200 niif./I. 

47 

47 

26 

35 

407 

Water 

Auxin 

KHfiPO, 

20 mg./l. 

60 j 

27 

45 

23 

487 

Water 

Auxin 

KH,P04 

200 mg./l. 

27 

1 53 

13 

39 

369 

Water 

Auxin 

KNO, 

50 mg./l. 

47 

73 

82 

23 

827 

Water 

Auxin 

KNO. 

500 mg./l. 

67 

97 

21 

41 

785 
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This slight retarding effect of the complete nutrient solution is, however, 
in sharp contrast with the behavior of the individual salts separately. Root- 
ing was markedly inhibited by MgS 04 and by Ca(N 03)2 at the same con- 
centration as in the nutrient solution; but strongly promoted by KNO 3 and 
in a few experiments weakly by KH2PO4. The most powerful inhibition 
was exerted by Mg 804 , which at M/3000 (82 mg. per liter) completely pre- 
vented any rooting of leaves and increased the mortality from 13 to 33 per 
cent. A comparison of the other salts is given in table IV. The beneficial 
influence of KNO3 at relatively high concentrations can best be seen from 
the total number of roots in the last column. 

The data in table iV, showing the increased root formation when cuttings 
were supplied with KNO 3 , were extended by comparison with another source 
of available nitrogen, namely ammonium sulphate. Table V shows that 


TABLE V 

Comparison of nitrate with ammonium. Indole-acetic acid 0.6 mo. per liter. 
Results after 15 days in greenhouse 


1st 24 HOURS 

IN 

Second 24 hours 

Rooted 

Total number 

OF ROOTS ON 



24 citttings 



% 


Water 

Auxin 

Water 

4 ! 

28 

100 

202 

Water 

Auxin 

KNOt 20 rag./l. 

8 1 
25 

160 

270 

Water 

Auxin 

KNO3 200 rag./l. 

25 

33 

280 

270 

Water 

Auxin 

(NH,).S04 2 mg./l. 

8 

8 

35 

35 

Water 

Auxin 

(NH4),S04 20 mg./l. 

0 

0 

0 

0 


even at 2 mg. per liter (M/66000) rooting is strongly inhibited, while 20 mg. 
per liter and all higher concentrations completely prevent all rooting. 
KNO 3 , on the other hand, is again effective. 

Organic nitrogen. — Organic nitrogenous compounds, especially those 
known to be present in leaves, are of particular interest in this connection. 
The analyses of Vickery ( 8 ) on alfalfa show that, apart from amino-acids, 
the most important nitrogenous constituents of the leaves are asparagine, 
adenine, stachydrin, and choline. Since the bean is also a legume, these 
substances were considered the most important to study. Stachydrin was, 
however, omitted, and instead some other purines and nicotinic acid were 
used. 

The results showed considerable variation from experiment I0 experi- 
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ment, and will therefore be given in abbreviated form. The controls them- 
selves varied markedly, perhaps due to small differences in humidity and 
lighting which are unavoidable under greenhouse conditions. There is also 
some evidence that when cuttings are taken late in the day their subsequent 
survival is impaired. In each of the experiments, however, the cuttings for 
ail treatments were taken at one time. Two additional reasons add to the 
difficulty of drawing conclusions. One is that some substances showed 
effects mainly when the cuttings had been pre-treated with auxin; i.e., they 
enhanced the effectiveness of the auxin treatment, while others were more 
effective when auxin had not been used. The other is that in some instances 
the percentage of cuttings which rooted was increased, while the total num- 
ber of roots formed on all the cuttings was not. The opposite also occurred. 
For example, the best single effect on root number was obtained wuth guanine 
20 mg. per liter, which gave 583 roots per 15 leaf cuttings against 113 in 
the controls, i.e., an increase of 31 roots per cutting. The highest increase 
in percentage rooting of leaf cuttings was, however, in one of the experi- 
ments with nicotinic acid 20 mg. per liter, which pave 67 per cent, rooting 
as against only 20 per cent, in the controls. In spite of these uncertainties, 
the great effectiveness of adenine and asparagine in promoting rooting may 
be regarded as fully established, while that of the other substances tested 
is at least highly probable. 

Adenine gave the most consistent results. Out of 6 experiments, each 
one including both water and auxin pre-treatment (12 comparisons), ade- 
nine increased the percentage rooting and the total number of roots in every 
<*ase. The data are summarized in figure 2, which shows the increases above 
the controls for each of three concentrations used. Concentrations below 
50 mg. per liter showed no consistent effectiveness. Apparently the actual 
concentration which causes the best effect depends on vrhether auxin was 
used or not, the higher concentrations being more effective with auxin pre- 
treatment, the lowTr without. It is tempting to ascribe this to a “limiting 
factor^’ effect such as is discussed by Went and Tiiimann (9) ; the data 
obtained with other substances, however, do not bear this out. 

The effects of adenine were of good magnitude. In one experiment 4 
per cent, rooted in water controls and 42 per cent, in those treated with 
adenine 50 mg. per liter; in another 38 per cent, rooted in auxin controls 
and 77 per cent, when auxin was followed by adenine 200 mg. per liter. 
Also, in spite of the variation between control values in different experi- 
ments, the results are statistically fully significant. The mean percentage 
rooting of all controls in the adenine experiments (both water and auxin 
treated) was 22.5 di 0.8, while the mean percentage rooting of all adenine- 
treated cuttings (both water and auxin pretreated) was 41.8 ± 0.5. As to 
root number, the controls averaged, per 15 cuttings, 142 ±: 8 roots, those 
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Fig. 2. The effect of adenine as after treatment. 

Ordinate: increase in root number and in rooting percentage as a result of adenine 
treatment. 

Abscissa : concentration of adenine. 

Shaded columns: cuttings pretreated with auxin. 

White columns : no auxin. 

Data for 50 mg. per liter the mean of two experiments; those for 200 mg. per liter 
the mean of three. 


treated with adenine 252 ±: 7. Examples of single experiments are also 
included in tables VII, VIII, and IX. 

The higher rooting of cuttings with attached internode (such as were 
used for table III) apparently precludes any further increase by adenine. 
One such experiment was carried out, bttt both the controls and those given 
adenine rooted 85 per cent and both averaged 18 roots per cutting. 

The results of two similar experiments with asparagine are given in 
table VI. High concentrations were not practicable on account of infection. 
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TABLE VI 

Influence of aspaeagine (5 mg. per liter)* 


Second 24 hours 


First 24 hours 

Water 

Asparagine 

Percentage 

ROOTING 

Total number 

OF ROOTS ON 

15 cuttings 

Percentage 

rooting 

Total number 

OF ROOTS ON 

15 cuttings 

Water 

% 

8 

8 

% 

13 

45 

Auxin 

16 

150 

21 

112 

Water 

54 

509 

69 

726 

Auxin 

38 

254 

62 

516 


* Auxin: indole-acetic acid 0.1 mg. per liter. Results after 15 days in greenhouse. 
Two separate experiments, each with water and auxin treatment. 


The optimum concentration has evidently been covered, however, since 50 
m^. per liter was less effective than 5 mg. per liter, which was used for both 
series of table VI. Seven of the eight comparisons show real increases. 
The mean increase in percentage rooting caused by asparagine is 12 ±: 1.3 ; 
the mean increase in root number is 120 zh 20, so that the data are fully 
significant. On the whole, asparagine 5 mg. per liter was nearly as effective 
as adenine. 

Two experiments with guanine are summarized in figure 3. The per- 
centage of cuttings rooting was increased markedly in five out of the six 
comparisons, but the total number of roots was increased only when auxin 
had not been suiiplied. The increases were, however, very large. 

Results with uracil, 0.1 and 5 mg. per liter, were somewhat erratic, but 

TABLE VII 

Influence of yeast nucleic acid and of adenine* 


First 24 

HOXTRS 

Second 24 hours 

Type of cutting 

Water 

Nucleic acid 
200 mg./l. 

Nucleic acid 
500 mg./l. 

Adenine 
500 MG./L. 

W^ater 

1 

0 

13 

67 

T 

Auxin 

55 

20 : 

98 

171 

LiCax 

Water 

198 

175 



T 

Auxin 

261 

520 1 



Lieaf 

Water 

255 

315 

375 


Leaf and one 

Auxin 

300 

285 

420 


internode 


* All data the total number of roots on 15 cuttings. Auxin : indole-aeetie acid 0.025 
mg. per liter. Results after 15 days in greenhouse. 
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Fig. 3. The effect of guanine as after-treatment. Legends as for figure 2. Each 
concentration one experiment only. The number of roots is increased only when auxin is 
not U8(^d. 

there was a marked increase in root number in the cuttings pretreated with 
auxin (504 on 15 controls, 771 on 15 uracil-treated). 

It was thought that the beneficial effect of the purines might be combined 
■with that of phosphate by administering nucleic acid. Yeast nucleic acid 
was therefore tested at 20 to 500 mg. per liter. The higher concentrations 
appeared to show a real increase in root number (table VII) but no increase 
in percentage rooting. Adenine in the same experiment was much more 
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effective. Cuttinprs with internode attached also showed a response to 
nucleic acid at 500 mg. per liter. Infection of the bases of the cuttings 
was, however, very troublesome at these high concentrations. 

An experiment with choline is presented in table VIII. In the absence 


TABLE VIII 

Influence of choline and of adenine. Auxin 0.5 mg. pee liter. 
Results after 15 days in greenhouse 


First 24 

Percentage op rooting 

HOURS 

Water 

Choline 5 mg./l. 

Choline 50 mg./l. 

Adenine 50 mg./l. 


% 

% 

% 

% 

Water 

4 

25 

25 

42 

Auxin* 

29 

8 

0 

25 


Total roots on 15 cuttings 


Wntcr 

1 

6 

1 89 

140 

250 

Auxin* 

144 

69 

0 

119 


* The auxin data are included for the sake of completeness, although the concentra- 
tion used uas e\identlj too high. 

TABLE IX 

Jnflience of adenine. Auxin 0.1 mg. pfr liter. Results after 

15 DVYS IN GREENHOtTSE 




Percentage of rooting 


Water 

Adenine 50 mg./l. 

Adenine 200 mg./l. 

Water 

54 

62 

70 

Auxin 

40 

46 

77 


Total roots on 15 cuttings 


Water 

509 

1 

535 

[ 831 

Auxin 

255 

1 __ 

494 

646 


of auxin treatment, both total root number and percentage rooting are 
clearly increased, but the combination of choline with auxin pre-treatment 
seems to be very damaging. This may be due to the rather high auxin 
concentration used in this particular experiment. For comparison, the data 
for adenine (50 mg. per liter) obtained in the same experiment are included. 
They show the same tendency to fall where auxin was used, but they also 
show how large an effect can be exerted by adenine. 
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Nicotinic acid, at 4 to 100 mg. per liter, produced small increases in the 
percentage rooting and the number of roots formed, mainly Y^hen auxin 
was not supplied, but the response was variable and no certain conclusions 
can be drawn. It may also be noted that malate M/1000, was completely 
without effect. This is of interest since malic acid appears to function in 
the oat coleoptile as part of the auxin complex. 

Discussion 

The powerful influence of a section of stem, both in maintaining the 
cuttings and promoting rooting, shows that the stem exerts an important 
influence on the leaf. Because of the extensive proteolysis initiated in 
leaves on their removal from the stem, even in light (4, table 91). the infer- 
ence may be made that the presence of the stem in some way prevents this 
proteolysis. Probably, therefore, maintenance of the isolated leaf is a 
function of the degree to which proteolysis is prevented. In view of the 
clear effects exerted by nitrate and organic nitrogen in the present experi- 
ments, it is suggested that the stem contributes to the leaves an available 
form of nitrogen. Indeed, Both (3) has shown that nitrogenous material 
can be readily transported from a stem section into an attached leaf, pro- 
vided only that the water- vapor tension is below saturation. 

It is of interest that besides nitrate and asparagine, the purines, adenine 
especially, are so effective. The importance of adenine for the synthesis 
of nuclear material and of coenzymes, and the ease with which asparagine 
is metabolized in the plant, doubtless account for the fact that these two 
are the most effective substances of those tested. The activity of adenine 
on the expansion of leaf-blades has been reported by Bonner and Haagen- 
Smit (2), and apparently in some plants the effect is exerted on vegetative 
growth generally (1). The range of active concentrations, however, in 
their continuous watering experiments is much lower than those effective 
in the present short-time treatments. More closely related, perhaps, are 
the interesting recent observations of Doak (5), who found a variety of 
nitrogenous compounds, mostly amino-acids and purines, to promote rooting 
in cuttings of a Rhododendron. However, while asparagine was one of the 
most active substances he tested (in agreement with our data), adenine and 
guanine were much less so. The general point that small quantities of 
organic nitrogen enabled considerable rooting to occur remains clear in 
both cases. 

In view of the effectiveness of nitrate, it is possible that the improvement 
in rooting of spruce cuttings caused by nutrient solution (6) is due to the 
nitrate in the solution, particularly since (as shown above) Ca and PO 4 
have little influence, while MgS 04 has even the opposite effect. 

The usual methods of propagation by cuttings entail more or less com- 
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plete nitrogen starvation of the material. The present results suggest that, 
for some plants at least, this procedure might well be radically revised. 

Summary 

The rooting of isolated leaves of Phaseolus vulgaris ^ witii or without 
attached stem sections, has been studied. 

1. The survival of the cuttings after removal from the plant is greatly 
improved by presence of a portion of stem, and varies roughly with the 
amount of stem attached. 

2. The material is extremely sensitive to auxin, a concentratiop of 0.025 
mg. indole-acetic acid per liter being the highest that can be applied (for 
24 hours) without producing injur 3 ^ However, auxin treatment in nearly 
all experiments considerably increased the number of roots formed per 
rooted cutting. 

3. Rooting is slightly depressed by a complete nutrient solution, or by 
the Ca or Mg salts composing it, but is strongly promoted by potassium 
nitrate. Ammonium sulphate, even at high dilution, is inhibitory. The 
growth and maintenance of roots already formed is, however, improved by 
the complete nutrient solution. 

4. Of the organic nitrogen sources studied, adenine was the most effec- 
tive, greatly increasing both the percentage of cuttings which rooted and 
the number of roots formed b.y each rooted cutting. Asparagine, guanine, 
choline, and uracil were also effective to a lesser extent, in approximately" 
that order, while y^east nucleic acid and nicotinic acid showed slight but 
variable effects. 

It is concluded that the nitrogen nutrition of the isolated leaf is of great 
importance in determining both its survival and its root formation. 

The authors^ thanks are due to Dr. Folke Skoog for many critical dis- 
cussions and suggestions. 

Haevard Biological Laboratories 
Cambridge, Massachusetts 
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TRANSFORMATION OF SUGARS IN EXCISED BARLEY SHOOTS 

R. M. McCeeady and W. Z. Hassid 
(with two figures) 

Introduction 

Nelson and Auciiincloss (10) working: with potato tissue showed that 
sucrose is synthesized from glucose or fructose rather than from starch as 
has been supposed by some investigators. That such a conversion occurs 
in plant metabolism has also been shoi^m by Virtanen and Nordlund (14) 
in red clover and wheat plants, and more recently by Hartt (3) in detached 
sugar cane leaves. 

Since sucrose, consisting of a glucose and fructose molecule, can readily 
be synthesized from either of these monosaccharides, it may be assumed 
that such synthesis involves a preliminary conversion of each of these hexose 
sugars into the other. The fructose component of the sucrose molecule 
exists in the furanose form (unstable y form with the five-membered ring) 
and is different from the six-membered fructose (pyranose configuration) 
from which it can be synthesized. The plant apparently also possesses a 
m(»(*hanism to render this transformation possible. The fact that sucrose is 
synthesized when plants are artificially supplied with glucose or fructose 
can serve indirectly in the studj^ of transformation of other hexoses in the 
plant into these monosaccharides. If, for example, synthesis of sucrose is 
observed after supplying the plant with mannose, it could be assumed that 
a preliminary conversion of the latter into glucose and fructose must take 
pla(*e before the synthesis of sucrose occurs. The hexoses that are known 
to occur naturally in plants are: d-glucose, d-fructose, d-mannose, and d- 
galactose ; of these the last two have not been detected in the free state and 
are found in plants only as units in polysaccharides. If, as it is generally 
assumed, some form of glu(*ose is the first product of photosynthesis, the 
l)lant should ])ossess a mechanism whereby this molecule is transformed into 
mannose or galactose before the synthesis of the corresponding polysac- 
charide can be possible. 

In this investigation, using the infiltration method (8), the following 
compounds were artificially supplied to barley plants : d-glucose, d-fructose, 
d-mannose, d-galactose, sucrose, lactose, maltose, 1-arabinose, d-xylose, man- 
nitol, sorbitol, gluconic acid, pyruvic acid, and glyceric aldehyde. The in- 
crease of sucrose was observed after certain periods of time to determine the 
ability of the plant to transform these compounds into glucose or fructose 
and, if possible, to ascertain the mechanism of this transformation. 
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Experimental methods and results 

It is well known that detached leaves or plants detached from their roots 
are capable of carrying on metabolic activities for a considerable length of 
time. Kursanov (8) utilized this fact to study the synthetic and hydro- 
lytic actions of invertase in living plant tissues by his ‘‘vacuum infiltration^’ 
method. This method was effectively used in our investigation of sugar 
transformations in barley plants. Barley plants were grown in half 
strength Hoagland’s culture solution for about 3 weeks. The plants were 
cut above the roots (only the shoots were used) and 5-gm. samples of the 
fresh material were ipimersed into beakers containing 5 per cent, sugar 
solution. The beakers with contents were placed into a desiccator and 
evacuated to about 20 mm. of mercury for 5 minutes. After evolution of 
the air bubbles from the leaves had ceased, air was slowly re-admitted into 
the desiccator. The intercellular spaces were thereby replaced by the sugar 
solution. The plant material was then taken out of the beakers, and 
allowed to remain in the dark at about 22® C. in an atmosphere saturated 
with water vapor for a certain period of time. The material was then 
thoroughly washed with water, the soluble sugars extracted with boiling 
80 per cent, alcohol and analyzed for reducing sugars by oxidation with 
ferricyanide and titration with ceric sulphate (6, 7) before and after hy- 
drolysis with invertase. Sucrose was determined by the difference. Blank 
samples of 5 gm. fresh weight of the same plant material infiltrated with 
water were run simultaneously. In all cases the samples were run in dupli- 
cate. The results are expressed on the basis of fresh weight. 

Preliminary experiments showed that barley samples infiltrated with 
5 per cent, solutions of glucose, fructose, mannose, galactose, lactose, and 
maltose, and allowed to remain for several hours showed a considerable gain 
in sucrose over the blank samples infiltrated with water. This indicated 
synthesis of sucrose by the plant from these sugars. Since the synthesis 
was measured by difference in sucrose between the sugar and the water 
infiltrated samples, the production of sucrose ha these experiments was sub- 
ject to doubt. It should be borne in mind that besides synthesis of sucrose, 
other metabolic processes go on simultaneously in the plant. While syn- 
thesis of sucrose is taking place, glucose or fructose is being used up in 
respiration, and in order to maintain a proper state of equilibrium a certain 
amount of sucrose is hydrolyzed back into these monosaccharides. In the 
samples infiltrated with solutions of monosaccharides, there is an excess of 
hexose sugars available for respiration. The hydrolysis of sucrose into 
glucose and fructose will therefore tend<»to decrease, and the equilibrium 
represented by the equation; glucose + fructose ^ sucrose will be shifted 
to the right. In the water infiltrated samples the tendency of the sucrose 
to hydrolyze is greater, and the equilibrium will be shifted to the left. The 
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difference in sucrose content between the sugar infiltrated sample and the 
blank would therefore not represent the true value of the amount of sucrose 
synthesized. To avoid this difficulty a procedure was adopted to deplete 
the sucrose to a low level, by respiring the barley plants for a certain length 
of time previous to infiltration with the sugar solutions. 

The tendency of sucrose to be depleted first during respiration, while the 
reducing sugars are maintained more or less at a constant level, is shown by 
the results in table I. 


TABLE I 

Comparison of sucrose and reducing sugars in excised barley shoots after 

RESPIRATION FOR 24 AND 48 HOURS IN THE DARK AT 22° C. 







Sucrose 

Sample 

Dfscription of sample 

Reducing 

SUGARS 

Total 

SUGARS 

Sucrose 

PER 5 GM. 
of FRESH 
MATERIAL 



% 

% 

% 

mg. 

1 

Initial untreated 

0.87 

1.10 

0.22 

11.0 

2 

Depleted (24 hours) 




0.0 


in water 

0.90 

0.90 

0.0 

3 

Depleted, then water 






infiltrated 24 hours 

0.77 

0.77 

0.0 

0.0 

4 

Depleted, then infil- 






trated 5% glucose 

24 hours 

1.09 

1.43 

0.32 

16.0 


The untreated sample, no. 1, analyzed immediately after harvesting, con- 
tained 0.87 per cent, reducing sugars and 0.22 per cent, sucrose or 11.0 mg. 
per 5 gm. of fresh weight. After the plants respired in the dark for 24 
hours the reducing sugars remained at about the same order of magnitude, 
0.9 per cent, but the sucrose was all depleted (no. 2 sample). When the 
respired sample, no. 3, was infiltrated with water and allowed to remain 
for another 24 hours, the reducing sugars came down to 0.77 per cent. A 
decrease in the reducing sugars could be observed only after all the sucrose 
was exhausted. Sample no. 4, which was infiltrated with 5 per cent, glu- 
cose after all the sucrose was depleted, synthesized 16.0 mg. of sucrose per 
5 gm. of fresh weight in 24 hours and contained 1.09 per cent, reducing 
sugars. 

Table II represents results of experiments with barley shoots which re- 
spired in the dark for 24 hours to a low level of sucrose of 1 .0 mg. per 5 gm. 
of fresh weight. Samples of these plants were then infiltrated with 5 per 
cent, solutions of glucose, fructose, mannose, galactose, and arabinose and 
allowed to remain for 18 hours. As shown in the table, sucrose was formed 
from glucose, fructose, mannose, and galactose but not from arabinose. 
The relative rate of sucrose synthesis in the plant from these sugars with 
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TABLE II 


Sucrose synthesis in sucrose depleted barley shoots after infiltration with 
5 PER cent, solutions OF VARIOCS MONOSACCHARIDES AND ALLOWED TO 
REMAIN FOR 18 HOURS AT 22® 0. 


Sample 

Description of sample 

Reducing 

sugars 

Total 

SUGARS 

Sucrose 

Sucrose 
per 5 gm. 

OF FRESH 
MATERIAL 

Relative 
RATE OF 
SUCROSE 
FORMATION 



% i 

% 

% 

mg* 


1 

Initial untreated 

0.86 

1.14 

0.27 

13.5 


2 

Depleted (24 hours) 







in water , 

0.78 

0.80 i 

0.02 

1.0 


3 

Depleted, then water 

1 






infiltrated 24 hours 

0.58 

0.60 

0.02 

1.0 


4 

Glucose infiltrated i 

, 0.50 

0.97 

0.45 

22.5 

100.0 

5 

Fructose infiltrated 

0.50 

0.83 

0.31 

15.5 

67.5 

6 

Mannose infiltrated 

1.64 

1.89 

0.24 

12.0 

51.2 

7 

Galactose infiltrated 

1.73 

1.88 

0.14 

7.0 

27.9 

8 

Arabinose infiltrated 

1.52 

1.52 

0.0 

0.0 



respect to glucose was as follows: fructose, 67.5 per cent.; mannose, 51.3 
per cent. ; galactose, 27.9 per cent. 

Figure 1 gives the results from 8 samples of barley plants which were 
infiltrated with 10 per cent, glucose solution, analyzed for sucrose imme- 
diately, and then the synthesis of sucrose followed at different intervals for 
48 hours. 



Fio. 1. Synthesis of sucrose from glucose. 


As seen from curve A the maximum amount of sucrose was synthesized 
after about 18.5 houTs (59 mg. per 5 gm.). Prom then on the amount of 
synthesis gradually diminished. Line B shows the depletion of sucrose. 
The entire content of sucrose was depleted from an equivalent sample of 
barley within 24 hours. Curve A therefore represents the synthesis of 
sucrose above the amount depleted during respiration. 

The synthesis of sucrose from galactose is shown in figure 2. 
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Fio. 2. ftyntbesis of sucrose from galactose during 20 hours. A, not depleted of 
sucrose before infiltration. B, depleted. C, recvystallized galactose and sample depleted 
before infiltration. 

Galactose was infiltratecl into one set of barley samples, originally con- 
taining 23.5 mg. per 5 gm. of fresh weight, analyzed immediately and the 
synthesis of sucrose followed for 18 hours. Since the rate of sucrose forma- 
tion from galactose is not very great (shown in table II, 27.9 per cent, as 
from glucose) it did not exceed the hydrolysis which was apparently simul- 
taneously taking i)lace during respiration. Therefore, not a gain but 
rather a slight loss in sucrose could be observed, as shown by slightly down- 
ward curve A. In a second set of barley plants, however, in which the 
sucrose had been previously exhausted to a low level, a distinct gain of 
sucrose could be observed from galactose, as shown by curve B. 

♦Since commercial galactose is usually made by hydrolysis of lactose, 
which consists of one molecule of galactose and one molecule of glucose, it 
was tested for purity with respect to glucose contamination A fermenta- 
tion test with a pure culture of yeast {TontJa monom) showed that the 
galactose contained almost 1 per cent, glucose. The commercial galactose 
was therefore purified by dissolving in water and fermenting the glucose 
and then crystallizing from alcohol. A fermentation test on this purified 
galactose showed no glucose contamination. Curve C shows sucrose forma- 
tion when purified galactose Avas used. This eliminates the possibility that 
the sucrose could have been formed from the small amount of glucose found 
as an impurity and not from the galactose. 
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Table III shows the results of experiments in which barley plants were 
infiltrated with solutions of xylose, maltose, lactose, mannitol, sorbitol, 
glyceric aldehyde, and the sodium salts of gluconic and pyruvic acids. In 
these experiments the plants were depleted of sucrose in the usual manner 
before infiltration with the solutions. A sample of plants was also infil- 
trated with glucose in order to determine the rate of sucrose formation from 
the particular sugar with respect to glucose. 

TABLE III 

SxrCEOSE SYNTHESIS IN SUCROSE DEPLETED BARLEY SHOOTS AFTER INFILTRATION WITH 5 PER 
CENT. SOLUTION® OP VARIOUS SUGARS OR RELATED SUGAR (COMPOUNDS AND 
ALLOWED TO REMAIN FOR 20 HOURS AT 22° C. 


Sample 

Description of sample 

Reducing 

SUGARS 

Total 

SUGARS 

Sucrose 

Sucrose 
PER 5 GM. 
OF FRESH 
WEIGHT 

Relative 

RATE OF 

SUCROSE 

FORMA- 

TION 



% 

% 

% 

mff. 


1 

Initial — after depletion 

1.23 

1.43 

0.19 

9.5 


2 

Depleted, then water in- 







filtrated (20 hours) 

0.79 

0.90 

0.10 

5.0 


3 

Glucose infiltrated 

1.80 

2.58 

0.74 

37.0 

100.0 

4 

Xylose infiltrated 

2.34 

2.47 

0.12 

6.0 


5 

Maltose infiltrated 

2.09 

2.90 

0.77 

38.5 

105.0 

6 

Lactose infiltrated 

2.03 

2.60 

0.54 

27.0 

68.8 

7 

Mannitol infiltrated 

0.79 

0.92 

0.12 

6.0 


8 

Sorbitol infiltrated 

0.60 

0.67 

0.07 

3.5 


9 

Glyceric aldehyde 

1.00 

1.40 

0.38 

19.0 

43.8 

10 

Gluconic acid (Na salt) 

1.20 

1.37 

0.16 

8.0 

1 

11 

Pyruvic acid (Na salt) 

0.70 

0.88 

0.17 

8.5 



Sucrose was formed in the barley plants from maltose, lactose, and 
glyceric aldehyde. The rate of sucrose synthesis from these sugars with 
respect to glucose is 105 per cent., 68.8 per cent, and 43.8 per cent, respec- 
tively. It is of interest to note that the disaccharides, maltose and lactose, 
are used by the plants for the synthesis of sucrose and that maltose is util- 
ized to about the same extent as glucose. Apparently the barley plant pos- 
sesses enzymes which readily hydrolyze these disaccharides to their respec- 
tive monosaccharides, which are then used for sucrose synthesis. Xylose, 
mannitol, sorbitol, and the salts of gluconic and pyruvic acids were not 
utilized. The utilization of a pentose sugar for sucrose synthesis would 
require an additional carbon atom for the preliminary formation of a hex- 
ose. Evidently the barley plant does not possess a mechanism for such a 
transformation. There are apparently also no enzymes which could reduce 
sugar acids or oxidize sugar alcohols to their corresponding aldohexoses. 
The formation of a considerable amount of sucrose from glyceric aldehyde 
shows that the plant is able to condense this tricarbon compound to glucose 
or fructose. 
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111 table IV the results with etiolated plants are presented. The plants 
were |?erminated and grown in a culture solution in the dark for about 2 
weeks ; they were light yellow and absolutely devoid of chlorophyll. 

TABLE IV 

Sucrose synthesis in etiolated barley shoots infiltrated with 5 per cent, solu- 
tions OF VARIOUS sugars, AFTER RESPIRATION IN THE DARK FOR 24 HOURS, 

AND THEN ALLOWED TO REMAIN FOR 18 HOURS AT 22® C. 


Sample 

Description of sample 

i 

Reducing 

SUGARS 

Total 

SUGARS 

Sucrose 

Sucrose 
PER 5 GM. 
of fresh 

WEIGHT 



% 

% 

% 

mg. 

1 

Initial untreated 

0.50 

0.50 

0.0 

0.0 

2 

Depleted for 24 hours 

0.42 

0.42 

0.0 

0.0 

3 

Glucose infiltrated 

1.30 

1.83 

0.50 

25.0 

4 

Sucrose infiltrated 

1.14 

1.60 

0.49 

24.5 

5 

Maltose infiltrated 

0.87 

1.41 , 

1 0.51 

25.5 

() 

Galactose infiltrated 

3.30 

1.58 

0.27 

13.5 


Sucrose formation takes place in barley plants which are devoid of 
chloi'ophyll. The etiolated plants did not contain any sucrose (sample 
no. 1). Sample no. 4, infiltrated with sucrose, did not raise the sucrose 
content above the one infiltrated with glucose; instead, it raised the value 
of reducing sugars. As shown in the table IV, the value of the reducing 
sugars in tlie blank sample after respiration for 24 hours was 0.42 per cent. 
After being infiltrated with glucose and allowed to remain for 18 hours, the 
respired barley plants contained 0.50 per cent sucrose and 1.30 per cent, 
glucose. The plants infiltrated with sucrose and allowed to remain for the 
same period of time, contained about the same amount of sucrose, 0.49 per 
cent., and 1.14 jier cent, reducing sugars. It appears that an excess of 
reducing sugars induces synthesis of sucrose, while an excess of sucrose 
favors the reverse process, hydrolysis. 

In order to show whether the synthesis of sucrose from a monosaccharide 
re((uires oxygen, the following experiment was carried out : barley samples 
infiltrated with 5 iier cent, glucose were placed in 3 desiccators. The first 
contained air saturated with water vapor, in the second the air was replaced 

oxygen, and in the third by nitrogen. The plants were allowed to 
remain in the dark for 24 hours. Originally they contained 47.5 mg. of 
sucrose per 5 gm. of fresh weight, and respired for 36 hours to a level of 
19.5 mg. The results are shown in table V. 

Sample no. 4, in the air, synthesized 58.5 mg. i)er 5 gm. of tissue. When 
the air w^as replaced by nitrogen only 22.5 mg. of sucrose per 5 gm. of tissue 
were synthesized, a value slightly higher than the blank, 19.5 mg. Sample 
no. 3, in pure oxygen synthesized 63.0 mg. of sucrose per 5 gm. of tissue, a 
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TABLE V 


Sucrose synthesis in barley shoots inpiltrated with 5 pee cent, solutions op 

GLUCOSE AND EXPOSED TO AN ATMOSPHERE OP AIR, NITROGEN, 

AND OXYGEN POB 24 HOURS AT 22® 0, 


Sample 

Description or samples 

Reducing 

SUGARS 

Total 

SUGARS 

Sucrose 

Sucrose 
PER 5 GM. 
of fresh 
weight 

1 

Initial after deple- 

% 

% 

% 

mg . 


tion (in air) 

1.37 

1.78 

0.39 

19.5 

2 

Nitrogen ' 

2.00 

2.47 

0.45 

22.5 

3 

Oxygen 

2.03 

3.36 

1.26 

63.0 

4 

Air 

2.10 

3.33 

1.17 

58.5 


value slightly higher than in air. This indicates that the synthesis of 
sucrose is an aerobic, or at least partly aerobic, process. 

Invertase is generally considered to be specific for sucrose. The ques- 
tion of strict specificity of this enzyme is of prime importance in this inves- 
tigation, since the conclusion that sucrose is synthesized from supplied 
monosaccharides rests entirely upon this assumption. There is a possibil- 
ity that a compound other than sucrose might be formed which could be 
hydrolyzed by invertase. For example, when the plant is supplied with 
mannose or galactose, some non-reducing disaccharide might be formed 
which would also be subject to the attack of invertase. The release of free 
monosaccharides would produce a high reducing value similar to the 
hydrolysis of sucrose. If the reducing value, after invertase hydrolysis, is 
in reality due to sucrose (since sucrose contains a molecule of fructose) half 
of the increase of that value should be approximately equal to a correspond- 
ing increase in fructose. To verify this point, barley plants were infiltrated 
with 5 per cent, solutions of glucose, mannose, and galactose, and the in- 
crease in sucrose obtained by the invertase method was compared with the 
increase in fructose determined by Roe’s method (11). 

The results in table VI show that, after supplying galactose or mannose, 
the increase in the reducing value, by hydrolysis with invertase, corresponds 
approximately with the increase in fructose. This indicates that the carbo- 
hydrate synthesized is sucrose. 

Discussion 

The synthesis of sucrose in barley when either glucose, fructose, man- 
nose, or galactose is supplied, indicates that there is a mechanism in the 
plant, which renders the conversion oC these monosaccharides possible. 
Habtt ( 4 ) working with blades of sugar cane found that mannose was not 
utilized to form sucrose. The power of interconversion of the different 
monosaccharides apparently is dependent on the enzymic system and varies 
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with different plants. The mutual interconversion of glucose, fructose, 
and mannose can be accomplished in vitro in very dilute alkaline solution 
through the Lobry-Bbtjyn enolic transformation. Because of the ease with 
which glucose and fructose are interconverted in plants, it is considered pos- 
sible that the transformation takes place through this mechanism. The fact 
that mannose was also found to be converted to glucose and fructose in the 
barley plant strengthens the view that the interconversion of these three 
monosaccharides in the plant takes place by the mechanism of enolization, 
but there is still no experimental evidence to support this assumption. Tt 
is even more difficult t 9 account for the transformation of galactose into 
glucose, since this sugar has no common enolic form with glucose or fruc- 
tose. The theoretically possible change of position of the fourth hydroxyl 
group in the glucose molecule by the mechanism of the Walden inversion, 
whereby it could be converted into galactose, also has no experimental 
proof. 

The existence of hexosephosphates in plants shown by several investi- 
gators (1, 7, 13) in recent years strongly indicates that phosphorus plays 
an important role in the mechanism of sucrose formation. The isolation of 
a mixture of glucose and fructose-phosphoric acid esters from ])ea leaves by 
one of the writers (7) suggests that phosphorylation of the glucose and 
fructose components is probably a necessary stej) in the syjithesis of su(*roso 
in the plant. Support of this view can be found in the work of Kuksanov 
and Kryukova (9). These authors showed that synthesis of sucrose in 
chicory and sugar beet leaves was always accompanied by an accumulation 
of phosphoric esters, also the synthesis of esters by sucrose synthesis. 
Under conditions of phosphate deficiency the capacity of the plant to syn- 
thesize sucrose decreased considerably. The introduction of phosphate in 
such plants restored their normal synthetic capacity. Syssakyan (12) has 
also found that in the case of phosphorus-starved sugar beet leaves, the 
synthesis of sucrose was inhibited to a considerable extent as comiiared with 
normal plants. Haneses (2) recent important contribution, that of syn- 
thesizing star(*h from glucose-l-phosphate in the presence of phosphorylase 
from potato tubers, demonstrates the important role of phosphorus in the 
mechanism of carbohydrate synthesis. It is suggested that in the intercon- 
version of monosaccharides some intermediate phosphorylated compound 
might also be involved. 

Mannitol, sorbitol, and gluconic acid were not utilized by barley to form 
sucrose. Apparently the plant did not contain any enzymes which could 
oxidize the sugar alcohols or reduce the -sugar acid. The formation of 
glucose from glyceric aldehyde indicates that sugars may be formed from 
tricarbon atom compounds containing a reducing group. 
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Summary 

1. Sucrose cau be synthesized in barley plants when either of the follow- 
ing? monosaccharides are supplied : j?lucose, fructose, mannose, and galac- 
tose. It is therefore evident that the plant possesses a mechanism to con- 
vert these monosaccharides into glucose or fructose. 

2. Maltose and lactose can also be utilized by barley for sucrose forma- 
tion. The plants, apparently, possess enzymes which are able to hydrolyze 
these disaccharides to their respective monosaccharides, which are then 
used for the synthesis of sucrose. 

3. Synthesis of sucrose from monosaccharides can take place in etiolated 
plants in the dark. The process is therefore independent of light and does 
not require chlorophyll. 

4. Arabinose, xylose, mannitol, sorbitol, and gluconic and pyruvic acids 
were not utilized by the plant for sucrose formation. 

5. When excised barley shoots respired for 24 hours the sucrose 
gradually diminished, apparently due to hydrolysis, but the reducing sugars 
remained approximately at a constant level throughout that period. It 
was only after the sucrose was entirely depleted, that a diminution in the 
reducing sugars could be observed. It was also shown that an excess of 
reducing sugars induces synthesis of sucrose, while an excess of sucrose 
favors the reverse process, hydrolj'sis. 

6. Sjuithesis of sucrose did not occur without the presence of oxygen, 
wdiich indicates that this process is aerobic. 

The authors are indebted to Professor D. 11. Hoagland for his interest 
and valuable suggestions during the course of this investigation. 

Division of Plant Nutrition 
University of California 
Berkeley, California 
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REFRACTIVE INDEX AS AN ESTIMATE OF QUALITY 
BETWEEN AND WITHIN MUSKMELON FRUITS^'* 

T, M. C U E R E N C E AND R XJ S S E L L LaRSON 

(with two figures) 

Introduction 

Many difficulties arise in connection with testing the eating quality of 
fruits. Table quality depends on taste to a great extent, and uniform agree- 
ment among different individuals as to the desirability of certain flavors 
seems to be an elusive objective. An evaluation may be obtained by getting 
numerous estimates in quantitative classes and averaging them. This, how- 
ever, is laborious and generally too tedious for extensive use. The present 
work on muskmelons arose in connection with varietal improvement studies 
with this crop. It was evident that a heterozygous population produced 
progenies with wide differences in quality that were traceable to quality 
differences in their parents. Inconsistencies in such observations, however, 
indicated the desirability of more accurate determinations of quality than 
was possible by having a few individuals taste the fruits and give them 
quality ratings. Use of the hand refractometer that is commonly used in 
rapid testing of sugar beet juice for sugar content appeared to offer a solu- 
tion to the problem, provided it gave a reliable index to eating quality. 
This method has been used by different workers (1, 2) for testing melon 
quality but there has not appeared in the literature any information as to the 
degree of error that may be involved when quality is estimated by this 
method. Tlie data which follow are intended to show mainly the mathe- 
matical relation between such refractometer readings and quality ratings 
when the latter is determined by a number of organoleptic tests and to com- 
pare the variation that was found in such tests with the variation in estimates 
based on refractometer readings. 

Materials and methods 

In the initial studj^ juice of 30 muskmelons was tested by means of a Zeiss 
hand refractometer, a rapid and simple test for total soluble solids contained 
in the juice. Whereas the index of refraction of a substance is the ratio of 
the sine of the angle of incidence to the sine of the angle of refraction, the 

1 Paper no. 1772 of the Scientific Journal Series of the Minnesota Agricultural 
Experiment Station. 

2 Assistance in the preparation of this material was furnished by the personnel of 
the Works Progress Administration, Official Project no. 465-71-3-360. Sponsor: Uni- 
versity of Minnesota. 
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scale of the Zeiss hand refractometer is graduated from 0 to 30 in per- 
centage of dry substance in the solution. The indices of refraction for 0, 
5, 10, 15, 20, 25 and 30 per cent, by weight of aqueous sucrose solutions at 
20° C. are 1.3330, 1.3403, 1.3479, 1.3557, 1.3639, 1.3723, and 1.3811 respec- 
tively. 

The strains represented were progenies of a single heterozygous plant with 
varying amounts of inbreeding and selection covering one to five generations. 
The pedigree of the original plant is not known, but it is certain from types 
segregated that honeydew entered into the parentage. The samples of juice 
for refractometer tests were taken from the central area of the fruits and the 
fruits were then rated f6r quality by 19 people. Five arbitrary classes were 
set up ranging from one to five, with one being the lowest class for eating 
quality and five being the highest. Only whole numbers were used by the 
testers in rating the fruits. The readings obtained were averaged for each 
of the fruits and this mean was used as the quality rating of the respective 
melon. 

A second set of observations, somewhat similar but differing in certain 
details, was collected. Ten fruits taken at random from a field of mixed 
strains were tested by the refractometer, juice being taken from tlie central 
area of the fruits. The fruits were quartered by cutting them longitudinally 
and transversely, the longitudinal cut being made as nearly as possible 
parallel to the surface of the ground upon which the melon rested as it 
developed. Figure 1 illustrates the four sections and the identifying num- 
bers. It is obvious that a larger number of fruits would have been desirable 
but it was thought that 40 samples was near the maximum number that could 
be properly tested by an individual at one time. 



Fig. 1. The cuts made to divide muskmolon fruits into four sections and the respec- 
tive numbers of the sections. 

The 40 sections were each tested by the hand refractometer and laid out 
at random. Then eighteen persons tested, independently, each of the 40 sam- 
ples and rated them for quality in classes ranging from one to five. This 
arrangement provides comparisons and tests of different parts of the fruits 
which were not possible in the original test. 
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Results 

Data on quality fbom the initial test 

The analysis of variance for the first test is summarized in table I. It 
is evident that fruits differed significantly in quality, and that the testers 
differed significantly in rating them. The F value exceeds the 1 per cent. 


TABLE I 

Analysis op variance op quality ratings on 30 muskmelon peuits 


Soxtrce of variation 

Degrees OF 

FREEDOM 

Sum of 

SQUARES 

Mean 

SQUARE 

F 

Standard 

error 

MelonA 

29 

223.0 

7.70 

* 


Testers 

18 

71.0 

3.94 

« 


Error (melons x testers) 

522 

452.3 

0.866 


0.930 

Total 

569 

746.3 





* Exceeds 1 per cent, point. 


point in both instances. The standard error of 0.930 indicates the high 
degree of variability that occurs from such a test. The standard error of 


0.930 

the mean of !18 tests is or 0.219 which is taken as the standard error of 

the melon means. A difference of approximate!}’’ 0.620 between means is 
statistically significant and one of 0.850 is highly so. Calculations show that 
ratings by 7 testers would have been needed to establish the statistical 
significance of a difference of one class between two melons. This emphasizes 
the relationship of taste variations to measurement of quality differences. 
The relationship is more emphatic if the calculation is made to find the num- 
ber of tests needed to establish statistical significance of a difference of 0.5 
of a class. It is found that the standard error of the mean must reduce 
to 0.176 which would require approximately 28 observ^ations. 

The refractometer readings as shown in table 6 cover a wide range and 
undoubtedly represent melons of several distinct classes. The relation of 
these results to the quality ratings will be discussed more fully under the 
heading of correlation. 


Data on quality prom the second test 

The possibility that the blossom end of a muskmelon is higher in quality 
than the stem end is frequently encountered and likewise it is possible that 
the top and bottom halves of the fruit differ in quality. In order to test 
these possibilities, the analysis of variance was made as summarized in table 
II. Since this analysis shows the sections to be significantly different, it is 
desired to compare the means for differences. Figure 2 A is a diagrammatic 
presentation of the quality means of the four sections. A difference of 
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TABLE II 


Analysis or vaeiancb toe quauty scoees or rouE sections or each or 10 muskmelqn 

rEUITS BASED ON INDIVIDUAL ESTIMATES Or 18 TESTEES 


SOUECE OF VAKIATION 

Degeees of 

FEEEDOM 

Sum OF 

SQUAEES 

Mean 

SQUARE 

E 

Standard 

ERROR 

Testers 

17 

78.28 

4.61 



Melons 

9 

375.73 

41.75 

t 


Sections 

3 

12.97 

4.32 

* 


Melons x sections 
error (A) 

27 

37.84 

1.40 

+ 

1.18 

Testers X melons 

153 

240.00 

1.57 

t 


Error (B) 

' 510 

324.18 

0.64 


0.80 

Total 

719 

1069.00 





* Exceeds 5 per cent, point, 
t Exceeds 1 per cent, point. 


approximately 0.211 is significant and one of approximately 0.286 is highly 
significant. Therefore, although the difference is small, section 2 differs 
significantly from the other three sections but none of these differ among 
themselves by statistically significant amounts. It is apparent that quality 
ratings differed between halves of the fruits. The blossom end was slightly 
but significantly higher than the stem end, and the bottom half was in- 
significantly higher than the top half. 

The means of the halves have a standard error of 0.062. These are also 



Slg. Dif. = 0.211 


Sig. Dif. = 0.150 


Sig. Dif. = 0.150 



$ig4 Dif. « 0.7B7 




Sig. Dif. s 0.63B 


Sig. Pif. « 0.SS5 

Fio. 2, Diagrammatic presentation of quality ratings A, B, and C and refractometer 
readings D, E, and F of different areas of muskmelon fruits. 
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shown diagrammatically in figures 2 B and 2 C. A difference of 0.150 be- 
tween these is statistically significant and one of 0.202 is highly so. It is 
apparent that the two ends of the fruit show a difference that is significant. 
In the case of the upper and lower halves, the difference is smaller and does 
not reach the five per cent, point. The odds, however, are approximately 
12 : 1 against a difference of this size being the result of random samples. 
The data definitely seem to suggest minor differences in quality between 
various parts of the fruits and therefore the desirability of defining areas 
when the fruits are tested for quality. 

The interaction sums of squares, shown in table II, are of some interest. 
That of testers X melons, being significant, indicates that various testers 
rated the same melons differently. Stated otherwise, the quality of a melon 
may appeal to a certain tester but would rate low in the opinion of another. 
Thereby the point is illustrated that individual estimates vary as to what 
constitutes desirable or undesirable quality. The detailed results on this 
interaction are shown in table III. The differences in estimates may be 
readil}' seen by observing a typical case such as the ratings given melons A 
and I by testers 11 and 13. 


TABLE III 

The quality ratings of 10 muskmelon fruits as determined by 18 testers 

RATING FOUR SAMPLER OF EACH FRUIT 


Tester 





Melon 





Mean 

A 

B 

c 

I ) 

E 

F 

G 

H 

I 

J 

1 

3.50 

2.00 

4.25 

2.00 

1.00 

3.00 

2.00 

3.00 

1.75 

2.75 

2.52 

2 

4.25 

2.50 

5.00 

1.75 

1.00 

4.00 

2.25 

2.75 

3.00 

1.25 

2.77 

3 

3.00 

2.25 

4.75 

2.00 

1.00 

3.75 

3.00 

2.75 

2.75 

3.75 

2.90 

4 

3.00 

1.00 

3.50 

2.75 

1.00 

2.50 

3.00 

1.50 

2.75 

1.75 

2.27 

5 

2.00 

1.25 

2.00 

1.75 

1.50 

2.00 

2.25 

2.50 

2.50 

1.00 

1.87 

6 

1.75 

3.00 

5.00 

2.00 

1.25 

2.50 

2.50 

1.50 

3.75 

1.50 

2.47 

7 

2.50 

2.00 

3.00 

3.00 

1.00 

2.75 

1.75 

2.00 

3.75 

1.25 

2.30 

8 

3.50 

2.25 

3.25 

2.75 

1.00 

3.00 

2.75 

2.75 

4.50 

3.25 

2.90 

9 

3.50 

3.00 

4.50 

2.50 

1.25 

3.00 

2.75 

2.00 

3.75 

3.00 

2.92 

10 

I 3.50 

2.00 

4.50 

3.00 

1.00 

3.25 

2.25 

2.25 

3.75 

2.75 

2.82 

n 

3.75 

1.00 

4.00 

2.00 

1.50 

3.50 

1.75 

2.00 

2.75 

1.50 

2.37 

12 

2.75 

2.75 

5.00 

3.75 

1 1.25 

3.00 

3.00 

2.50 

3.75 

3.50 

3.12 

13 

1.25 

1.75 

4.75 

2.50 

I 1.00 

2.50 

2.75 

2.75 

4.25 

1.25 

2.47 

14 

3.75 

1.75 

4.50 

1.75 

! 1.00 

2.75 

1.75 

2.50 

3.25 

1.50 

2.45 

15 

2.50 

2.75 

2.00 

3.50 

1 1.00 

3.75 

2.25 

2.00 

3.25 

1.25 

2.42 

16 

2.75 

1.75 

3.25 

2.00 

1.00 

2.25 

2.50 

1.50 

3.50 

1.50 

2.20 

17 

1.75 

1 1.25 

3.26 

2.50 

1.25 

2.00 

2.25 

2.50 

3.50 

1.00 

2.12 

18 

1.75 

2.60 

2.25 

2.75 

1.00 

2.50 

2.25 

1.50 

3.50 

1.50 

2.15 

Mean 

2.82 

2.04 

3.82 

2.46 

1.11 

2.89 

2.39 

2.24 

3.33 

1.96 



The melons x sections interaction was significantly greater than that for 
error (B). Table IV shows the data on this interaction. It is evident that 
considerable variation occurred in a certain section for different melons. 
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TABLE IV 

Quality ratings for tour sections op each op 10 muskmelon fruits as 

DETERMINED BY 18 TESTERS PER SAMPLE 


Melon 

Section op melon 

Mean 

1 

2 

3 

4 

A 

2.78 

2.89 

2.67 

2.94 

2.82 

B 

2.17 

1.78 

2.39 

1.83 

2.04 

C 

4.11 

3.33 

4.33 

3.50 

3.82 

D 

2.11 

2.39 

2.44 

2.89 

2.46 

E 

1.22 

1.00 

1.05 

1.17 

1.11 

F 

3.06 ' 

2.67 

3.06 

2.78 

2.89 

G 

2.72 

2.00 

2.17 

2.67 

2.39 

H 

2.39 

1.94 

2.22 

2.39 

2.23 

I 

2.94 

3.06 

3.83 

3.50 

3.33 

J 

2.44 

1.78 

3.94 

1.67 

1.96 

Mean 

2.59 

2.28 

2.61 

2.53 



The interaction can be visualized by noting that section 1 had the hijrhest 
rating? in three of the fruits, section 2 in none of them, section 3 in three, and 
section 4 in two fruits. In two eases there was an equal rating between 
sections for the highest score ; one and three in the ease of fruit F, and one and 
four for fruit H. Thus, it is seen that although section 1 had the high score 
in most cases, section 3 had the highest general average, and that the section 
ratings differed in different melons. 

Consistency of experienced testers 

Considering the variation in estimates by the organoleptic tests the ques- 
tion may arise as to the possibility of reducing this if the individuals making 
the ratings have had previous experience at it. It may be possible that 
extensive sampling w^ould enable an individual to be more consistent in his 
ratings. Three of the samplers in the second test were individuals who had 
had considerable experience at testing various fruits and vegetables in re- 
search work. Attempting to determine the effect of this background on 
their comparative ratings, correlation coefficients were calculated between 
the mean melon ratings of each of these three and the mean of each melon 
for 12 of the other testers. The scores of the three remaining testers were 
also correlated with the scores of the 12 combined and were found to give 
essentially the same correlations as that for the experienced testers. It 
appears in this instance, that the experien(*ed testers were not superior over 
three testers selected at random in estimating the mean of several tastes. 

% 

Repeactometer data from the second test 

When the 40 refraetometer readings are divided and analyzed, as shown 
in table V, it is seen that statistical significance between sections is not indi- 
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cated although the quality differences shown by figures 2 A, 2 B, and 2 C, are 
significant. This suggests that the quality score differences for different sec- 

TABLE V 

Analysis of varjance for 40 refractometer readings on four sections of 

EACH OF 10 melons 


SOlfRCE OF 

Degrees of 

Sum OP 

k- 

Mean 


Standard 

variation 

FREEDOM 

SQUARES 

SQUARE 


ERROR 

Melons 

9 

217.25 

24.14 

« 


Sections 

3 

4.24 

1.41 



Error 

27 

18.51 

0.68 


0.825 

Total 

j 39 

240.78 





* Exceeds 1 per cent, point. 


tioiis were possibly the result of factors other than soluble solids, as indicated 
by the refractometer readings. Tucker ( 4 ) has shown that the sugar con- 
tent varies in different parts of a watermelon fruit. Scott and MacGil- 
LivRAY (3) obtained uniform readings in soluble solids for longitudinal 
seidions of muskmelons but found an increasing gradient from the stem to 
the blossom end for cross sections. In the present study the odds for some 
of the comparisons, although not 20:1, are rather high. As example, section 
3 (‘ompared with section 4 gives odds of 7 : 1 ; and the top half compared with 
the bottom half gives odds of approximately 15 : 1. It is of interest that these 
differences are not in the same relationship as the differences betw^een the 
quality scoi’cs. This seems to be further evidence that the quality differences 
between sections may result from factors other than sugar content. From 
the above it is understandable that the analysis of covariance failed to show 
signifi(*ant correlation between quality score and refractometer readings 
within fruits although it was quite definite betAveen fruits. 

Correlation data 

The correlation (*oefficient for the first set of data calculated between the 
refractometer readings and the quality score means shown in table VI is 
H 0.636 and is highly significant. The regression of quality on refractometer 
reading is 0.167. This is the average amount by which the quality score 
varied with a unit change in refractometer reading. Using this regression 
coeffi(uent and a refractometer reading, it is possible to estimate the quality 
score. The accuracy of the estimate is indicated by the last column in table 
VI. The standard error of estimate is 0.493, which may be considered as an 
average of the differences betw’een observed and estimated quality. This is 
a decidedly loAver value than the standard error of 0.930 shown in table I. 

In the second test, haAung the correlation broken up, it is possible to con- 
sider the relationship for within melons and betwwn melons by Fisher’s 
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TABLE VI 

BeGEBSSION or quality on EErEACTOMETEB READING FOR MUSKMELONS (QUALITY RATING IS 
THE MEAN AS DETERMINED BY THE ESTIMATES OP 19 INDIVIDUALS 
GIVING RATINGS OP 1 TO 5 TOR QUALITY) 


Fruit no. 

BErEACTOMETER 

READINGS 

Observed 

QUALITY 

Estimated 

QUALITY 

Observed - 

ESTIMATED 

1 

12.0 

2.63 

3.03 

-0.40 

2 

11.8 

2.37 

3.00 

-0.63 

3 

9.5 

1.95 

2.60 

-0.65 

4 

12.8 

2.47 

3.17 

-0.70 

5 

8.5 

1.58 

2.45 

-0.87 

6 

U.0 

2.79 

2.87 

-0.08 

7 

13.4 

3.68 

3.27 

0.41 

8 

31.2 

2.89 

2.89 

0.00 


12.0 

3.10 

3.03 

0.07 

10 

8.0 

2.63 

2.36 

0.27 

11 

9.2 

3.42 

2.56 

0.86 

12 

12.5 

3.05 

3.12 

-0.07 

13 

13.0 

3.26 

3.20 

0.06 

14 

7.6 

2.74 

2.30 

0.44 

15 

8.2 i 

2.11 

2.40 

-0.29 

16 

9.2 

3.37 

2.56 

0.81 

17 

8.4 

3.26 

2.33 

- 0.93 

18 

13.4 

2.96 

3.27 

-0.32 

19 

30.0 

2.89 

2.70 1 

0.19 

20 

6.8 

1.79 

2.16 

-0.37 

21 

i 9.4 

2.58 

2.60 

-0.02 

22 

1 8.0 

2.11 

2.36 1 

1 - 0.25 

23 

14.0 

3.37 

3.36 1 

1 0.01 

24 

9.4 

3.05 

2.60 

1 0.45 

25 

12.2 

3.16 

3.07 

0.09 

26 

9.4 

2.58 

2.60 

' - 0.02 

27 

6.2 

2.00 

2.06 

-0.06 

28 

5.0 

1.37 

1.86 

-0.49 

29 

7.0 

1.95 

2.20 

- 0.25 

30 

10.8 

3.89 

2.83 

0.96 


analysis of covariance method. A regression coefficient for between melons 
is arrived at as well as one for the association within melons or between sec- 
tions. As previously stated, however, it was foutid that the correlation 
within fruits was not significant, and the correlation between refractometer 
reading and quality score mean for between fruits was essentially the same 
as that for total. Furthermore, the one refractometer reading originally 
taken on the 10 fruits when correlated with the quality means gave approxi- 
mately the same value as that when the mean of four refractometer readings 
was used. 

Inasmuch as this single reading approximates the results of the more 
extensive readings and represents considerable saving in time, it seems 
desirable to limit further analysis to the one reading data. The correlation 
coeflScient between this value and quality score is +0.862 and is highly 
significant. The regression of quality on refractometer reading is 0.264 in 
this instance. The weight in grams of the 10 melons also was correlated with 
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quality, the value being + 0.655 and slightly above the five per cent, point. 
This is surprising and the relationship probably is not generally true of 
muskmelon fruits. Fruit size being a character easily measured, however, 
it should be more adequately studied in relation to quality between types as 
well as within uniform strains. The multiple correlation coefficient between 
the three measurements was found to be -f 0.909. As shown by table VII, the 
standard error of estimate is 0.342. Based on this 10-melon sample, it is 
apparent that estimating quality from the multiple regression is relatively 
accurate. 

TABLE VII 

Begbkssion of quality score on fruit size and befractometer readings for 

MUSKMELON FRUITS (QUALITY RATINGS DETERMINED BY 18 INDIVIDUALS 
MAKING FOUR TESTS PER FRUIT) 


Fruit iden- I 

TIFICATION 

Weight in 
GRAMS 

Befbac- 

TOMETER 

READING 

Observed i 
quality 

RATING 

Estimated 

QUALITY 

Difference 

A 

1490 

10.4 

2.81 

2.22 

0.59 

B 

1350 

11.0 

2.04 

2.33 

-0.29 

C 

3850 

13.3 

3.82 

3.69 

1 0.13 

D 

1290 

12.2 

2.45 

2.63 

-0.18 

E 

970 

6.0 

1.31 

.90 

0.21 

F 

2000 

12.6 

2.88 

2.95 

- 0.07 

G 

2640 

11.0 

2.38 

2.72 

-0.34 

H 

1550 

9.6 

2.23 

2.02 

0.21 

I 

1380 

13.8 

3.33 

3.08 

0.25 

J 

1600 

10.9 

1.95 

2.38 

-0.43 


Comparing the respective standard errors, it is noted that the above 0.342 
is approximately equal to that of 12 testers sampling by tasting, since 1.18 
divided by the square root of 11.9 approximately equals 0.342. Thus, it 
seems that the simple weight and refractometer tests were useful tools for 
calculating eating quality under the conditions of this test. The calcula- 
tion for getting the estimated quality is 0.0003 times the weight in grams plus 
0.264 times the refractometer reading and this sum minus 0.975. Although 
the calculation is a simple one, a melon breeder would seldom use it in testing 
selections. The simple procedure of comparing refractometer readings 
would suffice in most instances. 

Summary and conclusions 

Thirty muskmelons representing a mixture of types were tested for the 
percentage of soluble solids in the juice by means of a hand refractometer. 
The melons were then rated quantitatively in ascending classes from one 
to five by 19 people tasting them. Analysis of the data indicates that the 
melons were significantly variable in quality and that testers varied 
significantly, some tending to rate the fruits low and others to rate them 
high. The standard error of 0.930 illustrates the difficulty of satisfactorily 
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classifying the fruits by tasting unless the mean of a number of opinions is 
obtained. Ratings by three experienced testers did not approach the mean 
scores appreciably more closely than the ratings of three testers selected at 
random. 

In a second test, 10 muskmelon fruits were cut into four sections after 
they were tested by the refractometer. Each section was tested separately 
by the refractometer and also rated for quality by 18 testers. The results 
indicate slight but significant differences in quality between different 
parts of the fruits. The blossom end averaged higher than the stem 
end. The bottom half was not significantly higher than the upper half. 
Interaction data show 'poor agreement among the different individuals in 
rating the fruits for quality. Also it is shown that certain sections were 
high in some melons and low in others. Analysis of the refractometer 
readings do not show statistically significant differences between the different 
parts of the fruits and such differences as did occur were somewhat opposed 
to the differences in quality. It is, therefore, suggested that the quality 
differences between sections may have resulted from factors other than those 
measured by the refractometer. 

For the first set of data, quality rating estimates based on the regression 
of quality on refractometer readings gave an error of estimate appreciably 
lower than the standard error by tasting. A correlation coefficient of 4 0.636 
and a regression coefficient of 0.167 were found. In the second lot of data, 
there was positive correlation between fruit weight and quality score 
(■^ 0.655) as well as between refractometer reading and quality score 
(+0.862). Using multiple regression the error of estimate was further 
reduced so that it approximately equals the standard error of the mean of 12 
samplers. The coefficient of correlation for the three characters is + 0.909. 
The information on the relation between fruit size and quality is thought to 
be incomplete but the extent to which refractometer readings can be used in 
estimating muskmelon quality is considered well demonstrated by the fore- 
going material. 

The Minnesota Agricultural Experiment Station 
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SOME EFFECTS OF SUPPLEMENTARY ILLUMINATION WITH 
MAZDA LAMPS ON THE CARBOHYDRATE AND 
THE NITROGEN METABOLISM OF THE 
ASTER {CALLI8TEPHVS CHINE N 81 8 
VAR. HEART OF FRANCE) 

Kaymond Wenger 
(with two figures) 

Introduction 

Greenhouse crops show marked responses to supplementary artificial 
ligjhting with Mazda lamps ( 4 ). The present study was undertaken to 
determine wliether there are differences in composition between groups of 
asters subjected to various supplementary light intensities and those which 
did not receive supplementary light ; and to further ascertain if these differ- 
ences in chemical composition, especially carbohydrates and nitrogenous 
compounds, can be correlated with the responses of the aster. This plant 
was chosen because it blooms in a long day and is suitable for study in 
short day. 

Garner and Allard (3) found that many of the plants with which they 
worked might be classified according to the length of day which favors their 
reproductive processes, namely: (a) short day type, (b) long day type, and 
(c) indeterminate type. Murneek (7), and Parker and Borthwick (10) 
have shown that flower primordia can be initiated in Biloxi soybeans by 
subjecting the seedlings to a short day of 7 to 8 hours. After this induction 
period, the plants grown in a short photoperiod fruited while those grown 
in a long photoperiod remained vegetative. Murneek (7) points out that 
whether jilants are vegetative or reproductive is apparently brought about 
directly by the length of day. Parker and Borthwick state that changes 
in chemical composition that can stand in causal relationship to the initiation 
of flower primordia must occur before initiation can take place. 

The work of Kraus and Kraybill (6) has showm that the type of re- 
sponse in the tomato plant is associated with the carbohydrate content in 
relation to the available nitrogen supply. Nightingale (8) found that 
tomatoes grown under short day conditions and with available nitrogen 
supply produced vegetative growth. Long days with available nitrogen 
produced vigorously fruiting plants. In a later study (9) it was shown 
that Salvia, a short day plant, can be throwm into the vegetative state by 
lengthening the day. Carbohydrates and nitrates accumulate under short 
day conditions. When the plants are transferred to long day conditions, 
there is a loss of carbohydrates, and associated with this loss there is a more 
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rapid assimilation of nitrate and increased vegetative growth. Murneek 
(7) has indicated that as a result of a short photoperiod, seedling soybeans 
show a rapid accumulation of the storage forms of carbohydrates, especially 
starch, and a rapid synthesis of nitrogenous substances ; these changes, how- 
ever, probably have nothing to do with initiation of flower buds but rather 
promote development of the reproductive organs. Eckerson (2) pointed 
out that reductase decreases in soybean plants which receive onlj" 8 hours 
of daylight as compared with those which receive full daylight. It was 
thought that this might explain the accumulation of nitrates in a short day. 
Hibbard (6), however, has found that the reductase activity was only parti- 
ally inhibited in Biloxi soybeans by a short day, but showed no definite 
change as the plants responded to the different daylengths. 

Methods 

Seedlings, 1 to 1.5 inches, were transplanted to 2.5-inch clay pots and 
allowed to grow about one month before they were transferred to the differ- 
ent plots. The plants were transplanted to larger pots as needed. 

In the first, or fall, series of experiments, four long day conditions and 
one short day condition were studied. All plants received normal daylight. 
The plants under long day conditions received supplementary illumination 
from Mazda lamps from 9 : 00 p.m. to 7 : 00 a.m. for a period of 10 hours each 
night ; the plants under short day conditions, or controls, received only the 
normal daylight. 

Representative plants were taken at each sampling date to have a mini- 
mum of 100 grams for the nitrogen determinations, 50 grams for the carbo- 
hydrate determinations, and 15 grams for dry weight studies. The leaves 
were clipped into small pieces and used for samples. 

After the dry weights were obtained these same samples were used for 
total nitrogen (11). Another sample was thoroughly ground and a water 
extract made which served for the determination of the total water extract- 
able nitrogen. After aliquots were drawn for the total water extractable 
nitrogen, the water extractable protein was coagulated by means of acetic 
acid and heat and filtered off. Aliquots were taken from the filtrate for the 
water soluble nitrogen. Additional aliquots served for the ammonia and 
nitrate (13), and amino nitrogen determinations (14). Total protein was 
obtained by subtracting the water soluble nitrogen from the total nitrogen. 

In testing for carbohydrates, the samples were plunged into sufficient 
95 per cent, hot ethyl alcohol to bring the alcohol content to 80 per cent; to 
this had been added 0.5 gram of CaCOj. ^The alcohol extract was used for 
determining reducing substances and sucrose (1, 12). Starch was deter- 
mined on the residue by the taka-diastase and subsequent hydrochloric acid 
hydrolysis method. The reducing power of the solution was determined as 
dextrose. These values were converted to starch by multiplying by 0.9. 
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Results 

Experiment I 

In a preliminary study’ of the effect of supplementary light on asters ob- 
servations were made on fresh weights, stem length, and time of flowering. 
(Chemical analyses were also made on these plants. This work was repeated 
in more detail in experiments II and III. 

Experiment II. first series, 1933 

First sampling. — Aster seed was sown in flats August 26, 1933, trans- 
planted to pots September 14, and transferred to supplementary light plots 
on September 24. The average greenhouse temperature was 55° P. The 
first sampling was taken on October 24, after 30 days of growth. Results of 
the analyses are given in table I. 


TABLE I 


ErrECT OF supplement \ry illumination on the carbohydrate and nitrogen content 
OF Aster. Expressed as percentage of the fresh weight. 

Oc'TOBER 24, 1933. 30 d\ys 


Anaia ses 


Foot candles 


100 

10 j 

1 

0.3 

Control* 

Averages fresh weight per 






plant in grams 

4.17 

4.25 

3.99 

3.58 

2.81 

Dry matter 

12.62 

12.35 

13.28 

13.75 

16.24 

Reducing substance 

(K69 

0.65 

0.62 

0.63 

0.70 

Sucrose 

0.27 I 

0.31 

0.33 

0.41 

0.50 

Starch 

2.93 

2.90 

, 2.81 

3.36 

4.48 

Total cnrbohydratesf 

4.23 

4.21 

4.23 

4.62 

6.20 

Total nitrogen 

0.43 

0.47 

1 0.44 

0.47 

0.60 

Soluble nitrogen 

0.10 

0.10 

0.10 

0.12 

0.21 

Protein nitrogen 

0.33 

0.37 

0.34 

0.35 

0.39 

Nitrate nitrogen 

0.04 1 

0.05 

0.05 

0.06 1 

0.08 

Amino nitrogen 

0.03 

0.03 

0.04 

0.04 

0.06 


* No 8upj)lementary light at night. 

t Total carbohydrates are the sum of reducing substances and starch as dextrose, and 
sucrose as invert sugar. 


Second sampling. — This sampling was taken on November 20, after 57 
days of growth. The control plants were deep green in color and were low, 
spreading in appearance. Those plants which received supplementary light 
were a lighter green. Stems and leaves were analyzed separately. The re- 
sults of these analyses are given in table II. The reaction of these plants to 
various degrees of supplementary lighting is shown in figure 1. 

As shown in table II there is a progressive increase in fresh weight per 
])laiit as the supplementary light intensity increases. These data also show 

1 This was part of a cooperative project of the Horticultural and Agricultural Chom- 
istry Departments, Purdue University Agricultural Experiment Station. 
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TABLE II 

Ei-tect of supplementary illumination on the carbohydrate and nitrogen content 
OF Asters. Expressed in percentage of the fresh weight. 

November 20, 1935. 57 d\ys 


Analyses 


Foot candles 


100 

10 

1 

0.3 

Control* 

Averages fresh weight per 
plant in grams 

9.37 

8.89 

8.22 

8.06 

3.75 

Dry matter 

12.2 

14.5 

18.2 

20.0 

21.0 

Bedueing substance 

1.34 

1.51 

1.48 

1.44 

1.30 

Sucrose ' 

0.32 

0.42 

0.51 

0.70 

0.71 

Starch 

3.87 

2.44 

2.42 

2.00 

1.90 

Total carbohydrates t 

3.77 

4.68 

4.71 

4.40 

4.16 

Total nitrogen 

0.31 

0.30 

0.33 

0.30 

0.49 

Soluble nitrogen 

Protein nitrogen 

0.05 

0.04 

0.04 

0.06 

0.07 

0.26 

0.26 

0.29 

0.24 

0.42 

Nitrate nitrogen I 

0.03 

0.02 

0.02 

0.03 

0.04 

Amino nitrogen 

0.03 

0.03 

0.04 

0.04 

0.06 


* No supplementary light at night. 

+ Total carbohydrates are the sum of reducing substances and starch as dextiose, and 
sucrose as invert sugar. 


an increase in the percentage of total carbohydrates and starch from the 
control plants of the 10-foot-candle plot. The 100-foot-candle plot shows a 
decrease in total carbohydrates. The soluble nitrogen, nitrate, and amino 
nitrogen fractions are low in the lighted plots and high in the control plots. 

This appears to indicate that in the control plants the nitrogen fractions 
are not utilized as rapidly or as efficiently in the formation of proteins and 
in vegetative extension as they are in the lighted plots. 

Fourth sampling. — This was taken on Jaunary 30, 1934, after a growth 



Fig. 1. The effect of supplementary light on the growth of Aster. First scries, 
November 20, 1935. 57 days. (1), 100 foot candles; (2), 10 foot candles; (3), 1 foot 
candles; (4), 0.3 foot candles; (5), Control. 

Plants were taken from plots which received 10 hours additional light each night of 
the intensities indicated. 
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period of 128 days. All plots were in bloom but not all of the plants in each 
plot. The controls were deeper green while the plants that received supple- 



Fig. 2. The effect of supplementary light on time of flowering, fresh weight, and 
flow^ers per plant at time of harvest. First series, January 30, 1934. 328 days. 


TABLE III 

Effect of si pflemfntary illumination on the ("\rbohydr\te and nitrogen content 
OF Aster. Expressed in percentage of the fresh weight. 

January 30, 1934. 128 days 


Foot candles 


An\l\sfs 

100 

10 

3 

0.3 

Control* 

Average fresh v eight per 
plant in grams 

42.6 

39.1 

39.3 

30.0 

16.8 

Dry matter 

35.58 

35.76 

15.72 

15.70 

16.84 

■Rc'dueing substance 

0.90 

0.88 

0.93 

1.18 

1.27 

Sucrose 

0.32 

0.38 

0.38 I 

0.40 

0.35 

Starch 

2.41 

2.52 

2.27 ! 

1.89 

2.02 

Total carbohydrates t 

3.92 ' 

4.03 

3.87 

3.73 

3.90 

Total nitrogem 

Soluble nitrogen 

0.22 

0.20 

0.21 

0.24 

0.39 

0.10 

0.07 

0.07 ; 

0.08 

0.15 

Protein nitrogen 

0.12 

0.13 

0.14 

0.36 

0.24 

Nitrate nitrogen 

0.008 

0.03 

0.01 1 

0.01 

0.01 

Amino nitrogen 

0.02 

0.02 

0.02 

0.02 

0.02 


* No supplementary light at night. 

t Total carbohydrates arc the sum of reducing substances and starch as dextrose, and 
sucrose as invert sugar. 
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mentary lip^ht were a lijrht jyreen. Data relative to the time of flowering, 
fresh weights, and flowers per plant are presented in figure 2. Results of 
analyses are given in table III. 

All of the bnds were open on the plants in the 0.3-foot-candle plot while 
the plants in the 100-foot-candle plot had the most unopened buds; the 
plants in the control plot had the lowest number of unopened buds. 
Earliest flowering occurred in the 0.3-foot-candle plot. 

Differences hi composition expressed as percentages of the total carbo- 
hydrates and total nitrogen are not as evident in this cutting as in the first 
two cuttings (tables I, II). The differences in comiK)sition of the plants of 
the various plots diminish as the plants reach the flowering stage. 

Experiment III. Second series, 1934 

A second series of experiments was begun in February 1934. Only two 
groups received supplementary light (10 and 0.3 foot candles) for a period 
of 10 hours each night. A third group (control) received no additional 
light. Four samples were taken at approximately 30-day intervals. The 
fresh weight, height of plants, time of flowering, and chemical composition 
followed the same general trend as those in exyieriment IT. 

Discussion 

The heights and fresh weights of the lighted (long day) plants increase 
as the supplementary light intensity increases. Withrow and Benedict 
(16) have shown that asters which receive 0.3 foot candle suiiplementary 
light or more have a greater dry weight than the control plants. 

Carbohydrates. — ^As seen in table 1 the plants show a decrease in the per- 
centage of total carbohydrates, sucrose, and starch as the supplementary 
light intensity increases. Asso(*iated with this decrease in percentage of total 
carbohydrates there is an increase in fresh and dry weights as compared with 
the controls. Though carbohydrates are prinluced in large quantities in the 
longer day of the lighted plants, they were utilized rapidly for growth and 
were stored but slowly in these plants. There was an accumulation of carbo- 
hydrates in the control plants. The percentage of total carbohydrates is rela- 
tively high in the plants of the 0,3-foot-candle plot (table I). It is probable 
that the removal of the products of photosynthesis was not as rapid as in the 
plants receiving the higher light intensities. Withrow (15) has suggested 
that the greater dry weight of plants receiving 0.3 foot candle, as compared 
with controls, may be due to an indirect effect of the supplementary light at 
night on the photosynthetic activity during the following day, possibly 
through a faster removal during the night of soluble carbohydrates accumu- 
lated during the day. 

Nitrogen. — The control plants are higher in the ])ercentage of nitrates 
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and water-soluble nitrogen in the early stages of growth as compared with 
the lighted plants. Associated with the lower percentage of nitrate and 
water-soluble nitrogen in the plants which receive supplementary light there 
is an increase of fresh weight and vegetative extension. 

Summary 

1. Asters receiving no supplementary illumination are least vegetative, 
bloom latest, and have the smallest number of flowers per plant. The plants 
are high in percentage of carbohydrate and soluble nitrogen but, in the short 
day length, are unable to utilize these compounds in vegetative extension. 

2. Lengthening the day with Mazda lamps results in greater vegetative 
activity, larger number of flowers per plant, and earlier flowering. 

3. Earliest flowering and largest number of flowers per plant occurs 
with the i^lants receiving supplementary illumination of the lowest intensity 
— 0.3 foot candle. Such plants are medium in vegetative activity and rela- 
tively liigh in the percentage of carbohydrates and soluble nitrogen during 
the early stages of growth. 

4. As the supplementary light intensity is increased to 100 foot candles 
vegetative activity increases, and the percentage of carbohydrates and 
soluble nitrogen decreases in the early stages of growth. 

5. Significant diflPereiices in composition of the groups of plants occurred 
only in the early samplings. When the plants reach the flowering stage, the 
composition is very similar regardless of the treatment. Analyses of plants 
made at the time of flowering or maturity are of little value in interpreting 
carbohydrate-nitrogen relationships in growth and reproduction. 

The writer is indebted to Dr. H. R. Kraybill for the advice and en- 
couragement given in carrying on this investigation. He also wishes to 
thank ^Ir. Robert H. AVithrow of the Horticultural Department, Purdue 
University Agricultural Station, for the installation and permission to use 
the lighting equipment. 

I*CRDUE University 

West Lafayette, Indiana 
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AN INEXPENSIVE INTEGRATING LIGHT RECORDERS 


V. G. Speague and E. M. Williams 
(with three figures) 

In recent years environmental factors, such as temperature and light, 
have been receiving increased consideration in experimental procedures. 
Under greenhouse conditions, the temperature and length of day can be 
controlled but it is impossible, except by excluding sunlight and supplying 
artificial light, to control the radiant energy which plants receive during a 
given growth period. The variation in the incident light during an experi- 
ment in the greenhouse or in the field may explain in part the differences 
between replications of the same experiment conducted at different times. 
Although it may not be possible to control the incident light available to 
experimental plants at various times, interpretations of the results obtained 
might be facilitated if the total amount of light which the plant had received 
were known. The length of day can be easily obtained from available data 
for each latitude but daily measurements of the total incident light are rarely 
obtainable. Instruments which will record the intensity of the natural light 
from day to day are available, but in order to obtain the total incident light, 
the area enclosed by the intensity curve must be determined. This is a 
tedious and time-consuming task if an experiment covers more than a few 
days, and becomes more difficult and less accurate on days when clouds are 
intermittent. To overcome the difficulties encountered with such a record- 
ing instrument, as well as to reduce the cost of equipment, an integrating 
light recorder was constructed from a few electrical parts obtainable from a 
radio dealer. 

The principle of operation used in this instrument has been described by 
Anderson (1) who placed a small condenser in series with a phototube and 
a battery. A neon tube in parallel with the condenser flashed when the 
voltage across the condenser rose to the breakdown voltage of the tube and 
went out when the voltage dropjied to the extinction voltage. Rentschler 
(2) modified this method by using a cold cathode relay tube in place of the 
neon tube. The relay tube supplied sufiScient current to operate a mechani- 
cal rela}^ and thus a counter mechanism. This instrument has found its 
main use in measurements of ultra-violet radiation. 

The recording instrument herein described requires a power pack for 
operation with ordinary 115 volts, 60 cycles A.C. supply. If a used radio is 

^ Contribution no. 12, of tho U. S. Regional Pasture Research Laboratory, Bivision 
of Forage Crops and Diseases, Bureau of Plant Industry, U. 8. Department of Agricul- 
ture, in cooperation with the Northeastern States and the Electrical Engineering Depart- 
ment of tho Pennsylvania State College, State College, Pennsylvania. 
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available its power pack, including transformer, rectifier tube and socket, 
choke coil, and condensers may be used. Most of these items will be in 
usable condition, except perhaps for the electrolytic condensers usually sup- 
plied. These, however, can be replaced with superior paper or oil-filled con- 
densers of sufficient capacity at a cost of one to two dollars. If a used radio 
is not available the items required for the power supply may be purchased 
separately. The total cost of the power supply should not exceed five dol- 
lars ($5.00). 

The wiring diagrams for both the power supply and integrating instru- 
ment are presented in figures 1 and 2. 

In operation, light 'striking the light-sensitive element in the phototube 
causes a current to fiow, which is very closely proportional to the intensity 



Fig. ]. Wiling diagram for power supply. 



Pig. 2. Wiring diagram of integrating light recorder. 



SPRAGUE AND WILLIAMS: LIGHT RECORDER 


631 


of the This current charges the condenser Ci. The relation between 

current, i (a function of time), and the potential difference, V, at time, t, 
across the condenser is : 

V= f tidt + Vo 

in which the potential is assumed to be Vo at time t = 0. This potential 
difference is applied directly between the starting anode (Pi) and the 
cathode (K) of the cold cathode gas discharge tube (Western Electric type 
313C). When the potential, V, reaches a critical value, the gas in the tube 
ionizes, allowing the condenser Ci to discharge (at which time the potential 
returns to Vo) and at the same time discharging C2. The discharge from 
this latter condenser passes through a sensitive magnetic telephone relay, 
pulling down the armature and actuating the counter. As soon as the dis- 
charge passes, the tube deionizes and the circuit returns to its initial condi- 
tion. A ATry sensitive counter is required because the amount of current 
passing through the relay tube depends on the capacity of the condenser, 
C 2 . which is limited not only by the current rating of the tube but also by the 
small allowable time delay in recharging the condenser, C 2 , between succes- 
sive operations of the counter. 

A counter Avhicli has worked A^ery satisfactorily A\’as constructed from a 
dollar alarm clock. The balance wheel was removed and a 1/32-inch hole 
drilled in the es(*apement lever. One end of a fine brass spring wire was 
I)assed tlii’ough this hole and the other end fastened to the armature of the 
sensitive telephone relay. The clock and relay were so mounted that the 
throw of tlie relay armature moATd the escapement leA^er sufficiently to allow 
one tooth of the es<*apement wheel to pass, as would occur in the normal 
operation of the clock. In this counter, the gear mechanism of the clock is 
driven by the main spring Avhile the magnetic relay supplies only the small 
force reciuired to tri]) the escapement. The clock can be calibrated easily 
before the balance Avheel is removed, by counting the number of escapements 
per minute in normal operation. With the cheaper clocks this usually is 
120. Therefore, Avith such a counter, 7200 operations would be required for 
a complete reA^olution of the minute hand and 86,400 would represent a com- 
plete revolution of the hour hand. The regular face of the clock may be 
remoA'ed and a face reading in total number of discharges substituted, or, by 
proper calibration, the face may be calibrated to read directly in any con- 
venient units.- 

2 Light has been defined as the radiant flux within the wave length limits of sight, 
evaluated according to its capacity to produce visual sensation. The foot-candle is the 
practical unit of illumination and represents the illumination on a surface, normal to the 
direction of the light, from a point source of one International Candle, one foot distant. 
Since the human eye is not equally sensitive to all regions of the visible spectrum and 
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The capacity of the condenser, Ci, which stores the charge depends on the 
current output of the phototube. Since there may be considerable difference 
in the sensitivity of photo-electric cells even of the same type and by the same 
manufacturer, it is necessary to determine the size of the condenser, Ci, 
experimentally. An intensity of 500 foot-candles incident on the particular 
General Electric PJ-22 phototube used resulted in about 50 discharges per 
minute when a 2.0 mfd. (microfarad) condenser was employed. Less fre- 
quent operation of the counter could be obtained by using a larger condenser 
but error owing to leakage in the condenser would have increased ; more 
frequent operation through the use of a smaller condenser was undesirable 
owing to the failure of' the counter to register accurately at speeds greater 
than 80 operations per minute. The use of a smaller condenser would be 
desirable if the instrument is designed .to record lower maximum light 
intensities. The authors have experienced no difficulty in recording light 
intensities well below one foot candle with condenser capacities of the order 
of 0.01 mfd. 

The instrument is adaptable to a number of uses, inasmuch as the photo- 
tube can be placed at any distance from the counter and several counters 
can be operated from one power supply unit. The maximum intensity 
striking the phototube should not exceed that recommended by the manu- 
facturer, which in the case of the General Electric PJ~22 tube is 500 foot- 
candles. In this preliminary arrangement for the measurement of sunlight, 
the radiation is received on a horizontal surface, similar to Weather Bureau 
practice. The maximum intensity on the phototube is reduced to 500 foot- 
candles by means of two sheets of frosted opal glass. Wallace (3), in a 
study of methods of sampling visible radiation, has indicated that a single 
light sensitive unit placed inside and at the base of an opal glass sphere is 
to be preferred as the receiver for radiation measurements to be used in 
physiological work. In any receiver care should be exercised to prevent 
direct sunlight from striking the phototube and to prevent the temperatures 
of the phototube from exceeding 50° C. 

The linearity of the above instrument has been checked from 5 to 450 
foot-candles incident on the phototube. A straight line relationship exists 
between the intensity of the light and the current output of the phototube 
when the quality of light is unchanged. A decided shift in the quality of 
light either to the blue or red end of the spectrum alters the current output 
of any of the phototubes now available. The General Electric PJ~22 tube 

since the mechanical equivalent of light varies with the wave length, it is not possible 
to convert foot-candles into energy units except for monochromatic light or for hetero- 
geneous light of known and constant composition. For many applications, however, com- 
parative data would be acceptable. For this purpose, the integrated light may be ex- 
pressed in foot'Candle hours which is the product of intensity and time. 




SPRAGUE AND WILLIAMS: LIGHT RECORDER 


633 


is least sensitive to light of about 5000 A wave length and increases in sensi- 
tivity to longer and shorter wave lengths (see fig. 3). For measuring 



Wave length in angstroms 

Fig. 3. Static sensitivity characteristic of the PJ-22 phototube. (Reproduced 
through the courtesy of the General Electric Company, Schenectady, N. Y.), 

natural daylight, in which the quality does not vary greatly except at sunrise 
and sunset and where comparative data are primarily desired, this limita- 
tion of the phototube is not serious. 

After assembly, the instrument was calibrated against a standardized 
Weston Model 603-foot-candle meter using sunlight at noon on a clear day 
as a light source. For comparative data the natural light available during 
any period may be expressed as foot-candle-hours which is the intensity in 
foot-candles multiplied by the time in hours. Inasmuch as this instrument 
is integrating, the average intensity will be available. In calibration of the 
above instrument it was found that an average sunlight intensity of 240 
foot-candles passing through two frosted opal glasses before reaching the 
pliototube produced one counter operation per minute. The number of 
foot-candle hours during any period is equivalent to the number of dis- 
charges divided by the number of discharges the counter would make at an 
average intensity of one foot-candle for one hour. In this calibration, at 
one foot-candle, there was 1/240 discharge per minute or 60/240 discharges 
per hour. 

Then total f .-c.-hours = n - 

240 
n X 240 
~ 60 
= 4n 

where ii = number of discharges during the period. 

Example : 
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16,800 discharges on July 21 = 4 x 16,800 = 67,200 f.-c.-hr. 

Several examples of the data obtained are presented here as an indication 
of the variation in daylight at State College, Pa., during the months the 
instrument has been in operation. 

Daily values of light available in foot-candle-hours : 

April 8, 28,705 
April 9, 6,312 
April 10, 14,578 
April 11, 50,496 
April 12, 25,549 

Weekly values of light available in foot-candle-hours : 

April 1- 7, inclusive, 280,935 

April 8-14, inclusive, 172,228 

April 15-21, inclusive, 186,515 

April 22-28, inclusive, 245,116 

Monthly values of light available in foot-candle-hours ; 

March 1-31, inclusive, 678,351 

April 1-30, inclusive, 1,000,754 

May 1-31, inclusive, 1,087,771 

June 1-30, inclusive, 1,201,993 

July 1-31, inclusive, 1,507,462 

August 1-31, inclusive, 1,198,561 

After five months of uninterrupted operation a new calibration was made 
and compared with the original. There was no appreciable change, indi- 
cating that in all probability the characteristics of the gas relay tube and 
the phototube change very slowly with age. The change in calibration with 
the fluctuations in supply line voltage usually encountered may be expected 
to be negligible. 'Operation of the relay tube and the characteristics of the 
condensers are affected only by larger fluctuations in ambient temperature 
than those normally encountered in a laboratory or a greenhouse. No great 
change in sensitivity of the phototube would be expected if the 50° C. 
maximum ambient temperature recommended by the manufacturer is not 
exceeded. 

The upkeep of the instrument is very small, since no moving electrical 
contacts are used which might be oxidized, and no mechanical parts other 
than the magnetic relay armature and counter are employed. The cold 
cathode relay tube requires no attention and has an almost indefinite life 
if it is not overloaded. It would seem that the low original cost of the instru- 
ment described (less than $25 as compared to commercially available instru- 
ments ranging in price from $150 to $500), its low current consumption 
(about lOto 15 watts), and its probable long-life would put within the reach 
of those interested in light as it effects growth, a means of studying some of 
the factors not heretofore determined. 
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PKODUCTION OP SOLUTES IN GROWING EPIDERMAL CELLS 

William A. Beck 
(with one figure) 

Growth by cell enlarj^enient, which is characteristic of plant cells, may 
be defined as the irreversible increment in the volume without appreciable 
increment in the mass of the protoplasm. Investigation of this kind of 
growth was given considerable impetus by IJrsprung and Blum (12) when 
they discovered that the turgor of young cells is minimum when the growth 
is maximum, and also by Went (14) and his school when they proved that 
the growth-jiromoting substance which induces this kind of growth origi- 
nates in the region of cell proliferation. 

Altlioiigh it api)ears evident that the groAvth-promoting substance must 
exercise its effecd on the living protoplasm (c/. 10) there is still some ques- 
tion about the effect produced directly or indirectly on the cell wall and the 
production of solute in the protoplasm which is osniotically active in the 
cell sap cavity. 

Klebs (5) concluded from his experiments that the protoplasm is 
dii’ectly responsible for cell enlargement, which is, of course, hardly tenable 
in view of the facts known to us at present. Hegler, Sachs, deVries (3, 7, 
13) and others assumed that cell enlargement is directly due to the stretch- 
ing of the wall, which itself is caused by the turgor. This view was de- 
cidedly dis])uted by Schwendener and Krabe (8), who contended that the 
wall grows actively by a process of intussusception with the cooperation of 
the protoplasm. Pfeffer (6) explains how the growth of the wall may be 
the result of active and passive growth, with consequent changes in the 
elastic constants of the wall. The fact which IJrsprung and Blum estab- 
lished beyond a doubt, that the turgor is minimum in the most actively 
growing cells (12) makes it certain that the turgor plays at most a secon- 
dary role in the process of cell enlargement. It also makes it questionable 
if the solutes which are necessary to maintain the turgor are elaborated by 
the protoplasm to a degree which is commensurate with the growth of the 
cell. 

It is the purpose of the present investigation to determine the amount 
of solute which is produced during the various stages of cell enlargement. 

Material and methods 

The enlargement of the cells in different phases of development was first 
determined with the aid of an eye-piece micrometer. Then the osmotic 
value at incipient plasmolysis and the degree of contraction in passing from 
the normal state to the state of incipient plasmolysis were determined for 
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the same phases according to the methods given by Ursprunq (11). Know- 
ing the volumes in the two states and the concentration at incipient plasmoly- 
sis, it became possible to calculate the concentration of the sap in the 
normal state according to the equation : 

(1) On/0, = V,/Vn or 

(2) On = OgxV,/Vn; 

in which On is the concentration of the cell sap in the normal state ; 0,, the 
concentration in the state of incipient plasmolysis; Vn, the volume of the 
cell in the normal state and V,, the volume in the state of incipient plasmoly- 
sis {cf. 11, p. 1111). 

Since the amount of rfolute in a solution varies directly as the volume and 
directly as the concentration, the total amount of solute present in the 
normal cells may be expressed in arbitrary units as the product of the 
normal volume and the normal concentration. In our particular case it was 
found that the diameter of the cells remains practically constant during cell 
enlargement, so that it was sufficient to multiply the concentration by the 
one variable, namely the length, in order to obtain an adequate expression 
for the total amount of solute present expressed in microns x mol. 

The epidermal cells of Helianthus seedlings were employed. As is well 
known, proliferation of cells occurs only within a very small zone of the 
hypocotyl (less than 1 mm. long) and then growth occurs by cell enlarge- 
ment. Since the cells in the neighborhood of the stomatal complex are very 
irregular they were avoided and relatively long series of regular cells were 
preferred. 

The region from the base of the cotyledons to a point 3o mm. beyond 
was investigated. For convenience it was divided into 7 zones, each 5 mm. 
long. Etiolated seedlings that were 90 hours old and from 45 to 50 mm. 
high, which were raised under controlled conditions (temperature 25° C. 
90 per cent, relative humidity) in peat and sand, from seeds of the 1939 
harvest of a special strain cultivated by the author for the last five years 
were employed. The individual differences in the plants were negligible. 

The sizes in the cells were determined for three points in each zone, but 
the average osmotic value at incipient plasmolysis, and the change in volume 
from the normal state to the state of incipient plasmolysis were calculated 
as an average for the entire zone and expressed as effective at the mid-point 
of the zone. Each reading accepted i^t any point for concentration of the 
sap or the length of the cell is the average of 30 independent determinations. 

Results and discussion 

The results obtained are assembled in table I and the graphs (fig. 1) 
which show the variation in the length of the cells and the variation in the 
total amount of solute present in the cells as they grow older make the 
comparison of the results easy. 
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TABLE I 

The size of growing epidermal cells of Heltanihus annuus seedlings and 

THE AMOUNT OF SOLUTE WHICH THEY CONTAIN 


Zone 

Distance 

FROM THE 

COTYIiEDONS 

Average 

LENGTH OF 

THE CELLS 

Average 

equivalent 

concentration 

OF THE SAP 

Total solute 
present in 

ARBITRARY UNITS 


mm. 

microns 

mol. (CrjHaaOit) 

microns x mol. 


1.0 

15.2 



1 

2.5 

25.6 

0.270 

7.18 


4.0 

, 38.9 




6.0 

79.3 



2 

7.5 

1 96.1 

0.248 

23.90 


9.0 

115.8 




n.o 

127.9 



3 

12.5 

144.3 

0.243 

34.60 


14.0 

1 155.0 




16.0 

1 165.3 



4 

i7.r> 

173.2 

0.228 

39.60 


19.0 

1 

181.4 




21.0 

189.2 



5 

22.5 

203.6 

0.225 

44.90 


24.0 

206.8 




26.0 

209.2 



6 

27.5 

212.8 

0.226 

48.00 


29.0 

216.4 


1 


31.0 

219.0 



7 

1 32.5 

221.4 

0.226 

50.00 


34.0 

224.2 




The fact tliat the curves run almost parallel shows that the production 
of solute must be practically proportional to the increment in volume or to 
the ^rrowth by cell eiilarfrement. Both curves are typical pfrowth curves. 
They show an inflexion at a point corresponding to the point on the hypo- 
eotyl which is 6.5 mm. from the base of the cotyledons. This is evidently 
the point of maximum growth and production of solute. These results are 
in agreement with those published elsewhere (c/. 1) regarding the relative 
growth in the hypocotyl of seedlings which were strictly similar to the ones 
used in the present work. There it w’as shown that the most favorable zone 
for studying growth by cell enlargement is the zone between 4.65 and 6.4 
mm. from the base of the cotyledons. There a measuring microscope was 
used and the hypocotyl was intact except for the markings. In the present 
experiment zone 3 still shows considerable growth and solute production, 
but in zone 4 a decided decrement of both rates is noted and in zone 7 the 
rates of both are almost 0. In other experiments which still await publica- 
tion, employing strictly similar plants, the suction tension and the wall 
pressure and the turgor were determined for the same regions and it was 
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CELL EtfL/IR6EMENT Iff THE EPIDE/iMlS OF THE HEUHNTHU'S HYPOCOTULf 
END TOTHL iOLt/TBE OF THE CEU EHP OtVfTY 

Fig. ]. Belationsliip between cell enlargement and total solutes of the cell sap. 

found that the suction tension is hifrhest in the frrowiny: re{>:ion and lowest 
in the mature cells; the turgor and the wall pressure, however, were least 
in the growing region and began to increase decidedly in the mid-region of 
the fifth zone and were maximum in the mature cells where the suction ten- 
sion was least. It is interesting to note that solute production declines with 
the increment of turgor and wall pressure, since it shows the increment in 
wall pressure must be caused by changes in the nature of the wall and not by 
increment in the production of solutes. Likewise the decline in the suction 
tension can hardly be attributed to considerable decrement in the rate of 
the production of solute but rather to increased counter pressure by the 
wall, which apparently has become more rigid. On the basis of this explana- 
tion it can be stated that the walls have become more rigid at a point 22.5 
mm. from the base of the cotyledons. Th^s result is in good agreement with 
that given elsewhere (2) regarding the critical point of the bending of 
hypocotyls in strictly similar plants, in response to gravity. There it was 
fbund that the regions which are farther removed than 25 mm. from the 
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base of the cotyledons hardly respond at all, and it was explained that the 
wall of the cells must be more rigrid than in the young:er cells. 

These results are in aj>:reement with the findiiif^s of Ursprung and Blum 
(12) referred to above. They are also in af?reement with the finding of 
SoDiNo (9) who showed that the first phase of growth is irreversible and 
that the stretching of the wall by turgor must follow this phase, and that 
the wall must grow by intussusception. These results are furthermore in 
agreement with those of Stuugoer (10) who showed that growth by cell 
enlargement can hardly be attributed to the growth of the wall alone. He 
showed that, in the epidermal cells of Helianthus seedlings, the jirotoplasm 
is significantly more viscous in the younger cells than in the mature cells 
and proved the existence of a ^^protoplasmatic gradient.” 

Together with the results obtained by Ursprung and Blum (12), 
SoDiNG (9), Strugger (10), and Heyn (4), the results of this research make 
it apparent that the growth of the cell by cell enlargement is a physiological 
process, and that it cannot justly be attributed to the turgor alone, nor to 
the growth by intussusception in the wall alone, nor to the changes in the 
state of the j)rotoi)lasm alone. The production of solutes and the increment 
in the mass of the wall, and the physical changes in the protoplasm must 
be regarded as phases of the growth process, or possibly only as concomitant 
cir(*umstances ; but any one alone is not the prime cause of growth. 

Conclusions 

From the giveji results it may be concluded that : 

1. The production of solute in the growing epidermal cells of etiolated 
Helianthus seedlings is proportional to the growth of the cells. 

2. The prodmdion of solute does not increase the turgor of the cells in 
proportion to the amount of solute produced, and it (*annot be regarded as 
the primary cause of growth. 

3. The production of solute certainly aids in maintaining the suction 
tension of the growing cells and thus insures sufficient water supply for 
the growing parts of the seedling. Tt also aids in maintaining sufficient 
turgor so that the young plastic wall does not collapse, and that growth in 
the wall by intussusception is facilitated. 

Summary 

A method is devised and described for determining the amount of solute 
produced in growing cells. 

The enlargement of growing epidermal cells and the amount of solute 
produced in them are determined and correlated for etiolated Helianthus 
seedlings. 

It is found that the amount of solute produced is proportional to the 
growth of the cells. 
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It is concluded that the production of solute facilitates the p:rowth process 
in general, and the growth of the wall by intussusception in particular, but 
that it cannot legitimately be regarded as the prime cause of growth by cell 
enlargement 

Institutum Dm Thomas 
Cincinnati, Ohio 
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AUTOMATIC CONDUCTIVITY MEASUREMENTS OF CO*^ 

D. G. CiiAEK, John Shapek, J»., and O. T. Cuetis 

(with two figures) 

In research on photosynthesis it is often desirable or sometimes necessary 
to record automatically frequent measurements of the amount of carbon 
dioxide absorbed hy a leaf or plant. By none of the older methods could 
carbon dioxide intake be determined over intervals shorter than one or two 
hours. The measuring of carbon dioxide by its effect on the conductivity of 
a sodium hydroxide solution is accurate and rapid, but has not previously 
been made automatic. The excellent spectrometric method of McAlister 



(2) could be made automatic, but the cost of the basic equipment is consider- 
able. The method to be described in the present note seems to fill the need 
for rapid automatic recordings. It is based on the conductivity method 
employed by many other workers. 

The arrangement of equipment can best be described under two headings, 
viz., that used for gas flow and absorption and that for carbon dioxide mea- 
surements. The equipment involved in the absorption of carbon dioxide is 
1 The authors are indebted to Dr. A. Dounoe of the Biochemistry Department at 
Cornell University and to the Laboratory Division of the Corning Glass Company, for 
aid In the construction of the absorption towor. 
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diagrammed in figure 1. The absorption tower^ in figure 1 needs special 
description. This is an adaptation of the tower described by Heintcke and 
Hoffman (1) ; its basal end contains a fritted glass disk which breaks up 
the air stream into small bubbles to insure complete absorption of the carbon 
dioxide. The bubbles rise through the sodium hydroxide solution, exerting 
a stirring action. Triangular platinum electrodes are fused in the tower 
a short distance below the level acquired by the liquid surface after the 
flow of air through the tower has attained equilibrium. The bubbles are 
diverted from the electrodes by a glass trough and pass to the top of the 
liquid, where they break. Part of the liquid draining back down the tower 
is caught in the trough and replaces that which has drained out at the 
bottom corners. If the trough is properly made the space between the elec- 
trodes will be filled with constantly changing, bubble-fr(»e sodium hydroxide 
solution. The solution in the trough does not change in composition 
as rapidly as that at the bottom of the tower, but the lag is essentially 
constant and, therefore, immaterial. Since the electrodes are separated 
by clear liquid, conductivity can be measured at any time, or even con- 
tinuously. Consequently, automatic records are possible. This is in con- 
trast to the usual conductivity techniques, which involve cessation of air 
flow and thorough mixing of the absorbing solution before conductivity 
measurements are made. With that sort of technique frequent automatic 
readings are impossible. 

Since temperature has a marked effect on conductivity, the absorbing 
solution (NaOH) is kept in a controlled temperature room throughout, except 
for the brief period while it is being m#*asured in an automatic pipette. By 
suitable manipulation of several stopco(*ks the sodium hydroxide solution 
is measured out and introduced into the absorption tower. Then air is drawn 
over the leaf, through the absorbent, and through the gas meter. 

Naturally, the electrical cinmits for automatically recording carbon 
dioxide should be designed to fit the particular requirements of the operator. 
The arrangement used by the authors (fig. 2) consists of three separate cir- 
cuits, though two are in parallel with each other. One circuit contains the 
absorption and conductivity tower, wired as one arm of a Wheatstone 
bridge. The other three arms are built with fixed resistances. Accompany- 
ing the change from sodium hydroxide to sodium carbonate as carbon 
dioxide is absorbed, there is a corresponding decrease in the conductivity 
of the solution. If the initial sodium hydroxide solution is always of the 
same strength, and if such factors as temperature, electric current and the 
electrode system remain constant, then the degree of unbalance of the 
bridge is dependent on the amount of carbon dioxide which has been absorbed 
by the time of any particular reading. Such being the case, the amount of 
carbon dioxide absorbed can be measured by its effect on the amount of 
current going through the recording ammeter connecting the arms of the 
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Wheatstone bridge. It is believed that quicker readings are obtained by 
measuring the current across an unbalanced bridge than by balancing the 
bridge and recording the necesKsary resistance changes. It is believed, also, 
that the two methods give readings which are of about the same order of 
accuracy. In the present arrangement the current is recorded on an Ester- 
line-Angus 5-mil recording ammeter. Prom experimental data, graphs can 
be constructed for converting the amperage values to carbon dioxide values. 
The current passed through the Wheatstone bridge must be of constant volt- 
age. We are using 110- volt 60-cycle A.C. line current regulated by a Ray- 
theon voltage regulator, with satisfactory results. 



Pig. 2. Wiring diagram for automatic measuring system. 

Tlie ‘‘chart motor’’ is the electric motor that winds the chart on the 
recording ammeter, and is an integral part of that instrument. It is wired 
ill such a way as to run only while a recording is being made. 

The third circuit is the “starter” for the other two. The indicator needle 
of the wet-test gas meter is extended to dip into a puddle of mercury at a 
given point of the needle’s revolution, thus completing the circuit through 
the relay coil. The relay closes, thereby completing the other two circuits, 
and causing the conductivity of the tower solution to be recorded. By 
varying the number of arms on the meter needle, contact can be made after 
each complete revolution or after any desired fraction of a revolution. The 
conductivity record is, therefore, automatically a record of air volume. By 
having a constant rate of air flow, and by timing that rate at the start of a 
run, the readings can be converted to time intervals if desired. 
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At least two towers must be operated simultaneously, since carbon dioxide 
absorption or loss must be determined by difference. Several towers can be 
wired into the same electric circuit. The individual recordings require only 
three or four seconds each. The limiting factors as concerns the number 
of towers which can be used are : (1) the number of readings per revolution 
of gas meters; (2) the uniformity of the rate of air flow through the various 
meters. Unless all meters are running at identical rates, the recordings of 
two will sometimes coincide. This makes both readings uninterpretable. 
Obviously, the more recordings there are on the same ammeter in a given 
time, the more often will two readings coincide. 

There are several sources of error which must be considered. Minor 
fluctuations in the mixing of the solution in a tower will produce minor 
variations in readings. If a different concentration of carbon dioxide is 
suddenly introduced, a short period (about 2 minutes) must be allowed for 
the establishment of the required new mixing gradient in the tower. In our 
experience, the most serious error is, unfortunately, not controllable: 
occasionally, the results obtained from one tower will not check with those 
obtained with replicate towers. As yet, no reason for such inconsistencies 
has been deduced. As a result of them no single run can be trusted ; one must 
repeat the same experiment a number of different times. The standard 
deviation of the mean for an individual experiment is about zb 5 per cent, of 
the mean, when approximately 0.03 per cent. CO 2 is being absorbed. 

Summary 

There has been described a conductivity system for measuring photo- 
synthesis. Readings are automatically recorded as frequently as desired. 
As used by the authors recordings are made ever>^ two minutes with an air 
flow of about 50 liters per hour. To achieve accuracy in conjunction with 
such rapid readings, very dilute hydroxide is being used (0.0013 N). This 
becomes exhausted in about 20 minutes when normal air is used. However, 
by changing the strength of hydroxide and the fixed resistances in the Wheat- 
stone bridge, a longer run could be obtained with less frequent; recordings. 
The outfit described should be easily adjustable to give a wide choice of 
frequencies of readings ranging from one or two minutes up to an hour or 
more, and should be adaptable to many different experiments. 

(Dornell University 
Ithaca, New York 
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A HIGHLY SIMPLIFIED THERMIONIC CONTROL 
OP TEMPERATURE 

Raymond H. Wallace and Ralph J. Bushnell 
(with two figures) 

Three recent articles (1, 2 , 3) describe methods of heat control which 
seem unnecessarily complicated in view of the present technical develop- 
ment of control tubes in the radio industry. Those methods, just men- 
tioned, use mechanical relays and have wiring schemes which, although not 
complicated to those acquainted with radio, are nevertheless too diflScult for 
many people to construct. One of the simplest and most effective schemes 
involving the use of thyratron tubes and no mechanical relays was described 
by ScHWENK and Noble ( 4 ) in 1937. The scheme here described is a 
further simplification and adaptation of thyratron methods. 

Recently two well-controlled incubators were needed and were obtained 
by converting two old ovens that had long been around the laboratory un- 
used. These ovens had been controlled by the usual mechanical thermostat 
and allowed a temperature variation of ±: 2° C. The conversion of the 
ovens to valuable incubators was done as follows;^ A five-volt transformer 
was mounted on top of the oven with the primary connected to the 110-volt 
line and the secondary connected to the two large prongs of a four-prong 
so('ket as filament supply for the control tube. Then the two heavy wires 
(the 110-volt line for the heater) that had led to the mechanical thermostat 
were disconnected and one of them soldered to the two small prongs (cathode 
and shield grid) of the four-prong socket. The other wire was soldered to 
a clip to attach to the tip (anode) of the control tube. The tube is now 
wired with plate and filament voltage and all that remains is to connect to 
the new thermostat. Any type of thermostat can be used. For the ovens 
just mentioned, coiled bimetallic thermostats w’ere taken out of ten-cent 
store thermometers. The thermostat was left mounted on the metallic dial 
of the thermometer, but the hand was broken off and a short shaft soldered 
in its ])lace. An insulated contact was mounted so the free end of the 
thermostat could touch it. The thermostat was then mounted inside the 
oven with the shaft sticking through the top of the oven. An ordinary dial 
was attached to the shaft. Adjustment for any range is obtained by turn- 
ing this dial which winds up or unwinds the bimetallic thermostat. The 
wiring is completed by attaching one contact of the thermostat directly to 
the control grid, while the other one is connected to the anode through a 
10-megohm resistance. 

1 Full-sized blue prints giving all details of construction are available for 25 cents. 
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It takes about four hours to convert an oven, and the chamber one 
obtains will maintain temperature to ±: 0.1° C. as measured by mercury 
thermometers and to ± 0.25° C. as measured by a recording potentiometer 
and thermocouple. To get these good values it is, of course, necessary to 
circulate the air with a small fan. 

The tube used in this scheme is the General Electric mercury vapor 
thyratron, F.G. 95, which carries 2.5 amperes at 1000 volts, but differs from 
the tube used by Schwenk and Noble ( 4 ) in that it has a 5-volt, 4.5-ampere 
filament and is designed to activate on extremely small grid currents. The 
tube is so constructed that it will not fire until a plus charge is put on the 
control grid. When the grid is connected to the anode by the way of the 
thermostat and grid leak as described above, the tube fires on each jdus 
cycle of the A.C. current and the chamber heater is in action. 

The tube maintains a delicate control of the heater, which is very desir- 
able. When the thermostat is well off balance, the tube activates strongly 
and the heater may draw its full amperage. On nearing its balance, how- 
ever, the current drops sharply and hovers almost continuously around 0.05 
to 0.1 amperes. The tube functions as a variable resistance and conse- 
quently the heater never gets hot and is never cold. This eliminates the 
‘‘all-on,^’ *^all-off’’ condition which is always present in mechanical relays. 
It likewise makes unnecessary the light-bulb shunt across the heater circuit 
which Schwenk and Noble used. Measurements with a recorder and a 
thermocouple showed the floor temperature is as constant as tlie air tempera- 
ture being maintained, and is only 1° C. above it. This constant tempera- 
ture of the heater under continuous load is the most important characteristic 
of this scheme of temperature control. It makes possible the constrindion 
of chambers with little or no stratification even without mechanical stirring. 
To do this one needs only to embed low-wattage heaters in the six walls of 
the chamber and connect them all in series with the control tube. The con- 
trol is obvious at all times by the flicking of the tube, and its continuous 
glow when the full current is flowing. 

It is often necessary in controlling temperature to activate the heater, 
the reverse of that above, with bimetallic thermostats. Thus, with mercury 
thermostats, one wants the heater to cut out wheii contact is made. This 
can be done very simply with the scheme used here. In figures 1 and 2, 
the solid lines show the wiring thus used with bimetallic thermostats. If 
one moves the thermostat from position A and places it in position B, that 
is, if it is moved from being in series between the anode and the control 
grid, and is placed in series between cathode and control grid, the tube acti- 
vates while the thermostat is open but ceases to*fire when it is closed. In 
making this change it will be noted that the 10-megohm leak remains in 
place between anode and grid while a 500,000-ohm grid leak is added along 
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with the thermostat between the ^rid and the cathode. When the thermo- 
stat is closed the ^rid is at the potential of the cathode and the tube does 
not fire; when the thermostat is open, the ^rid is at the potential of the 
anode and the tube fires on each plus half of the cycle as before. 

One of us (5) has used the F.G. 95 as control tube in recording? poten- 
tiometers since 1934, and found them very dependable. Althouji^h some of 
them have had more than three years continuous use, none has burned out 
in service. They are frajrile and, therefore, frequently damag:ed in ship- 
ment. If, however, they function after beinf? heated up a few times, they 


FIG. 2 



Fig. 1 . Pictorial diagram showing eoniiectiona and spacing of ])arts; A, j>ositioii of 
thcrinorcgulator when it is a biiiietallic thermostat; B, position of thermo regulator when 
it is a mercury thermostat. When A is used, B is left entirely out; but when B is used, 
the grid leak at A is connected to grid. C is position of usual mechanical thermostat and, 
if connection is made at the nrroN> points, the wiring of switches and i»ilot ])ulb remain 
unchanged. 

Fig. 2. Schematic diagram showing complete wiring. A, B, and C, the same as in 
figure 1. 

are undamaged and give no trouble subsequently. The total cost of mate- 
rial for converting an oven is less than $15.00; $12.00 for the tube, and 
$2.00 for the transformer. 

The tube activates on from 1 to 1/10 microamperes, so no appreciable 
current passes through the thermostat contacts. This small current neces- 
sitates good insulation in the grid circuit for otherwise, leakages may acti- 
vate the tube. 

IINIVERBITY or CONNECTICI'T 
Storks, Oonneiticitt 
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BRIEF PAPER> 

^tf^CTROSCOPIC ANALYSIS OF PLANT EXTRACTS 
FOR CHLOROPHYLLS a AND V 

1 L. C 0 M A R A N B F. P. Z S C H E I L E 

Absorption coeflBcients for chlorophylls a and h in ether solution have 
been determined recently on preparations of high purity.^ The quantita- 
tive application of absorption data to simple plant extracts is the ultimate 
criterion both for the identity of the standard chlorophyll components with 
those in the extracts and for the accuracy of the standard absorption 
coefiBcients. 

It is now possible to anal 5 "ze plant tissues satisfactorily for total chloro- 
phyll and for percentage of components a and b. The method is as follows : 
A weighed sample (about 10 gm.) of fresh leaf tissue is disintegrated in a 
Waring Blendor in the presence of acetone to which a small amount of 
calcium carbonate has been added. The resulting mixture is filtered by 
suction and the pigments are transferred to diethyl ether (Dupont technical, 
allowed to stand over solid NaOH and distilled). All the acetone is re- 
moved from the ether by repeated scrubbing through distilled water and 
the final solution is dried with sodium sulphate. If care is taken, emulsion 
formation can be avoided and quantitative results readily obtained. The 
absorption measurements are made at 6600 and 6425 A. The spectral region 
isolated should not exceed 30 A and large amounts of scattered radiation 
must be avoided. Other wavelengths may be used when the carotenoid 
content is not too high. 

The absorption coefficients listed above are averages obtained from sev- 
eral pure chlorophyll preparations. Chlorophylls a and h may be deter- 
mined most satisfactorily at wavelengths 6600 and 6425 A. Total chloro- 
phyll may be determined at intersection points of the absorption curves for 
components a and h. Component composition may be determined also at 
wavelengths 6130, 5890, and 5460 A. 

Sample 1 was a spinach extract from which all carotenoids had been 
removed by washing with methanol, followed by precipitation of the chloro- 
phylls and final removal of carotenoids by washing with petroleum ether.® 
Samples 2 and 3 were aliquots of sample 1 to which pure Z>efa-carotene had 
been added. In these three samples, the a to b ratio does not represent the 
natural ratio in the leaf because of preferential loss of b during the methanol 

1 Supported by the Herman Frasch Foundation for research in agricultural chemistry, 
paper no. 213. 

2 ZscHEiLE, F. P., and Comar, C. L. Bot. Gaz. 102; 463-481, 1941. 
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* These values calculated from simultaneous equations, 
t Crossing points on absorption curves. 
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washing. Sample 4 was an extract made by the analytical procedure 
described in paragraph 2. 

The following conclusions are evident from the analytical results: 

1. All wavelengths listed give correct results when carotenoids are 

absent. 

2. Analytical values at 5890 and 5460 A are extremely sensitive to the 

presence of carotenoids, due to the nature of the curves. Even at 
6000 A, carotenoids may cause appreciable error, as shown by 
sample 3, which has an extremely high carotene content. Note 
that at 6600 and 6425 A, the values of sample 3 agree with those 
of sample 1. 

3. The wavelengths, other than 6600 and 6425 A, that can be used de- 

pend upon the carotenoid content of the leaf. 

This analysis of spinach is representative of many similar determina- 
tions. Broccoli tips and leaves of corn, sweet potato, barley, and tomato 
have also been analyzed satisfactorily. A more detailed discussion of the 
chemical precautions and instrumental conditions essential for quantitative 
results will be presented in another paper. 

Department of Agricultural Chemistry 

Purdue University, West Lafayette, Indiana 



PHOTOSYNTHESIS WITH RADIOACTIVE CARBON, AND 
THE DISTRIBUTION OP THE INTERMEDIATE 
PRODUCTS IN THE PLANT CELL 

Albert W. Frenkel 

Recent experiments with radioactive carbon (C^^) have shown that 
green plants take up CO 2 reversibly in the dark (2, 3, 5). The evidence 
accumulated thus far indicates the presence of high molecular weight com- 
pounds which bind the CO 2 in a combination stable in boiling concentrated 
hydrochloric acid. 

In this note experiments are described in which the distribution of the 
initial photosynthetic products within Nitella cells have been investigated. 
Radioactive carbon was used as a tracer according to the technique described 
by Ruben, Kamen, and Hassid (3). 

Experimentation 

Nitella plants were used in this work, since these plants release their 
cell contents very readily on slight crushing. Since no grinding was neces- 
sary, it was possible to obtain a maximum of intact chloroplasts by crushing 
the cells in a 0.5-M glucose solution (1). The cytoplasm and vacuolar sap 
were separated from the chloroplasts and other bodies by centrifuging. 
Microscopic investigation of the chloroplasts showed that the majority of 
them were left intact after this treatment. 

* 

1. Intact Nitella plants were exposed to CO 2 for 25 minutes both in the 
light and in the dark. At the end of this period the plants were removed 
from the reaction flasks and immediately crushed in 0.5-M glucose. The cell 

materials were then separated as stated and their activity tested. Each 

* 

sample was boiled with 12-N hydrochloric acid, in order to expel any + 40 
present. After several washings of the cell wall material with water and 
of the chloroplasts with 0.5-M glucose, no activity was found either in the 

chloroplasts or the cell wall material from the plants which were kept in the 

# 

dark during the exposure to CO 2 . The aqueous, colorless solution obtained 
from centrifuging of the crushed plant material contained 90 pef^cent. of 
the total activity after the first centrifugation, two further washings of the 
residue removed almost all of the activity from the water-insoluble material. 
In contrast, the plants which concurrently were kept in the light during 
this period contained nearly four times as much activity in their chloro- 
plasts as in the non-chloroplast material. This activity in the chloroplasts 
could not be removed by further washings with 0.5-M glucose. 
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2. In another series of experiments, Nitella plants were crushed imme- 

diately before exposure to CO2. This material was filtered through cheese 

# 

cloth, transferred to Warburg vessels and exposed to CO 2 for 25 minutes 

* 

in the dark and in the light. No uptake of CO 2 was observed either by the 
cytoplasm and vacuolar sap or by the chloroplasts in a form resistant to 
boiling hydrochloric acid. 

3. Intact Nitella cells were exposed to CO 2 in the dark for 25 minutes 
and then crushed also in the dark in 0.5-M glucose. Intact cells were filtered 
out. The suspension was exposed to light for 20 minutes. No decrease in 
the activity of the aqueous fraction was observed and no activity was found 
in the chloroplasts. 

Thus it appears that intact plant cells are a prerequisite not only for 
this particular dark reduction of CO 2 but also for the further reduction of 
the carboxyl group formed in the dark ( 4 ). Whatever compound reduces 
CO 2 , whether in the light or in the dark, it seems evident that it is non- 
chloroplastic, or only weakly adsorbed on the chloroplasts and easily 
removed by physical injury to the living cell. 

The writer is indebted to Dr. S. Ruben and Dr. M. D. Kamen for the 
supply of radioactive CO 2 , as well as for their advice and criticism, and to 
Dr. G. Mackinney for his helpful suggestions. 

Department of Botany 

University of California 
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NOTES 


Annual Election. — The eifrhteenth annual election of the American 
Society of Plant Physiologfists was held during: May and June, 1941. The 
secretary-treasurer, Dr. W. E. Loomis, Department of Botany, The Iowa 
State College, has announced the results of the election as follows: 

President, Dr. Edwin C. Miller, Kansas State College. 

Vice-president, Dr. W. E. Loomis, Towa State College. 

Secretary-treasurer, Dr. P. J. Kramer, Duke University. 

Executive committee, Dr. W. F. Loehwing, University of Iowa. 

Editorial committee. Dr. Otis P. Curtis, Cornell University. 

The new officers become active on July 1, 1941. The Dallas meeting will 
be the most important immediate concern of these officials. They desire, 
and will need, hearty cooperation in planning and executing the necessary 
work incident to the eighteenth annual meeting and program. Early replies 
with titles, and aid wherever it is requested are always appreciated during 
this busiest season of the year. 

Reports of other matters voted upon in the 1941 election will be made 
in the ()(*tober Jiumber of Plant Physiology. 

Purdue Section. — The Purdue Section of the American Society of Plant 
Physiologists reports a very successful season during the year 1940-1941 
under the chairmanship of Dr. R. E. Girton, of the School of Science, Pur- 
due University. Fifteen regular meetings were held during the year, with 
an average attendance of 25. Two of these were dinner meetings. Dr. 
F. G. Gustafson, Botany Department, The University of Michigan, ad- 
dressed the Section at its first dinner meeting in October, on the subject: 
Hormones in Relation to Plant Growth, At the last dinner meeting of the 
year in May, Mr. Glenn M. Smith of the Purdue University Agricultural 
Experiment Station presented his important work on Sweet Corn Bncding, 

The Jiew officers elected by the Purdue Section for the year 1941-1942 
are: Chairman, Dr. F. P. Zscheile, of the Department of Agricultural 
Chemistry, School of Agriculture; and secretary-treasurer. Dr. W. R. 
Mullison, of the Department of Biology, School of Science. 

Vacation. — The editor-in-chief will be out of residence from Chicago 
during the entire summer, until about September 15. Correspondents will 
please note that, because of rapid movement from place to place, the editor 
will find it difficult to answer communications promptly. Papers offered for 
publication should be sent to the office of the secretary of the editorial com- 
mittee, Dr. W. F. Loehwing, Iowa City, Iowa, as usual, and other matters 
allowed to wait until September. 
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Winthrop John Vanleuven Osterhout. — It is with a great deal of 
pleasure that we are able to present in this number two fine portraits of Dr. 
Osterhout, to whom this number of Plant Physiology is dedicated in honor 
of his approaching 70th birthday anniversary, which occurs on August 2, 
1941. A brief biography was published in Plant Physiology for January, 
1940, at the time he was elected to a Charles Eeid Barnes life membership 
in the American Society of Plant Physiologists. On behalf of all members 
of the Society, we extend our best wishes and congratulations to him for 
the happy occasion of his anniversary, and for a long period of pleasurable 
activity following his retirement from formal service. He has earned it by 
nearly fifty years of pioneering work which has advanced our understanding 
of many physiological processes. 

Minor Elements. — The second annual supplement to the third edition 
of the Bibliography of References to the Literature on the Minor Elements 
and their Relation to Plant and Animal Nutrition has been issued by the 
Chilean Nitrate Educational Bureau, Herbert C. Brewer, Director, 120 
Broadway, New York. It contains 67 pages, in two-column format, with 
three indexes, one by elements, one by botanical common names, and one by 
authors. About 50 elements are included, and 150 crop plants. Slightly 
less than 400 authors are listed. The annotated bibliography is extremely 
valuable, and all students of plant nutrition will be grateful for the contin- 
uation of this service to research. Members of the Society should obtain a 
copy of the supplement by writing to Mr. Brewer. 

Hunger Signs in Crops. — Interest in the problems of plant nutrition, 
intimately bound up with animal nutrition, has grown rapidly in recent 
years. The American Society of Agronomy, in cooperation with the Na- 
tional Fertilizer Association, has published a symposium on Hunger Signs 
in Crops, It is a very attractive monograph, with about 80 plates in colors, 
and a few less than 100 text figures. The chapters deal with crops, or 
groups of crop plants, with titles and authors as follows: Why do plants 
starve? by George D. Scarseth and Robert M. Salter; plant-nutrient defi- 
ciency in tobacco, by J. E. McMurtrey, Jr. ; deficiency symptoms of corn 
and small grains, by OEORGii N. Hoffer ; plant-nutrient deficiency symptoms 
in the potato, by H. A. Jones and B. E. Brown; plant-nutrient deficiency 
symptoms in cotton, by H. P. Cooper; plant-nutrient deficiencies in vege- 
table or truck-crop plants, by J. J. Skinner ; nutrient-deficiency symptoms 
in deciduous fruits, by 0. W. Davidson; plaht-nutrient deficiency symptoms 
in legumes, by E. E. DeTurk ; and symptoms of citrus malnutrition, by A. 
F. Camp, H. D. Chapman, George M. Bahrt, and E. R. Parker. 

It is a very valuable survey because it brings a large section of our 
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knowledge of mineral deficiencies into a single work. Agricultural agents, 
teachers, and extension men will find it particularly helpful. And many 
research men will find it handy to use in comparing their own observations. 
It is written in popular style, but does not sacrifice accuracy in bringing the 
information to a popular level. 

It is printed by Judd and Detweiler, Washington, D. C., at the modest 
price of $2.50 per copy. The press work is admirable. We recommend this 
book as one which should be in the hands of all plant physiologists. 

Enzyme Research. — The great work by Bamann and Myrback, Die 
Method en der Fermentforschung, continues to come from the press of Georg 
Thieme, Leipzig. Lieferung 6 contains 336 pages, and Lieferung 7, 416 
pages, ending on page 2588. Lieferung 6 continues with the hydrolases, 
specifically, with the carbohydrases, some of which were presented in 
Lieferung 5. The phyto- and zoo-amylases, fructanase, glucanases, cytases, 
and polyuronidases complete the list of carbohydrases. Then follow the 
nucleases, amidases, proteases, thrombase and blood coagulation enzymes, 
and oxynitrilese finish out the great group of hydrolases. 

The last part of Lieferung 6 begins consideration of the desmolases and 
enzymes of biological oxidation and reduction. The first part of this section 
takes up alcoholic fermentation, normal fermentation by living yeasts and 
zymase preparations. 

Lieferung 7 continues with the enzymes of oxydoreduction, glycolytic 
enzymes, dehydrases, cytochromes, and the oxytropic dehydrases. Section 
II of the desmolases is a short chapter on the oxyhydrases, such as glucose- 
oxyhydrase, ascorbic acid oxydase, dioxy maleic acid oxydase, oxalooxy- 
dase, amino acid oxydases, and aminooxyhydrases (tyraminoxydase, adrena- 
lin oxydase, aminoxydase, histaminase, and diaminoxydase). 

Following this section, the enzymes of aerobic respiration are taken up, 
the true oxydases. The fourth section takes up the enzymes that make the 
first attack upon the sugar molecule (hexosephosphorylase) ; section V, the 
true desmolases (aldolase, carboxylase, amino acid decarboxylases, etc,); 
section VI, enolase ; and section VII, the hydratases and related enzymes. 

Each section is written by some expert in the special field of which he 
writes, or thoroughly familiar with the progress in methods of attack. It 
is impossible in a short review to do justice to this outstanding compilation. 
It deserves a place in the libraries of all institutions where enzyme research 
is in progress. 

The prices stated for these two Lief erungen are ; Lieferung 6, RM 25.20 ; 
Lieferung 7, RM 31.20. These are the Auslands price quoted by the pub- 
lisher. It should be remembered that, for obvious reasons, the work is sold 
only in complete sets. 
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Modern Fruit Production* — ^An excellent work by two outstanding hor- 
ticulturists, Dr* J. H. Qourley, and Dr. Freeman S. Howlett, both of the 
Ohio Agricultural Experiment Station, and The Ohio State University* 
The publishers are the Macmillan Co*, New York, and the price quoted is 
$4.50 per copy. It is a book of 579 pages. 

There are 17 chapters, several of which ar^ introductory. The story of 
the fruit industry is told in the first chapter, and the fruit plant and its 
parts are described in the second. The subsequent chapters are given the 
following titles: Factors affecting flower formation; site and soil for the 
fruit plantation; laying out and planting the orchard; cultural practices; 
fertilizers and manures for the orchard; water relations of fruit plants; 
pruning of fruit plants ; fruit setting ; fruit thinning and alternate bearing ; 
the handling and storage of fruit; winter injury; nutrient deficiencies and 
disorders; propagation and stocks; the origin and improvement of fruits; 
and orchard, vineyard, and small fruit costs. 

The volume represents a complete rewriting and expansion of the pre- 
viously published Textbook of Pomology, It is intended as a practical 
guide to fruit production, but has included enough of the modern results 
of botanical and physiological research to make it an up-to-date guide. It 
is a very clear presentation, and will be a welcome addition to the literature 
of horticulture. 

Annual Review of Physiology* — The third Annual Review of Physiol- 
ogy has been issued by Annual Reviews, Inc., Stanford University, Cali- 
fornia. It contains 26 reviews, as follows : The relation of bioelectric poten- 
tials to cell functioning, by 6. H. Bishop; the physiological effects of radiant 
energy, by H. Laurens; physiological aspects of genetics, by A. H. Sturte- 
vant; developmental physiology, by E. Witschi; growth, by C. E. Palmer 
and A. Ciocco ; temperature regulation, by J. C. Scott and H. C. Bazett ; 
energy metabolism, by T. M. Carpenter; respiration, by F. C. Schmidt and 
J. H. CoMROE, Jr.; physical properties of protoplasm, by E. F. Adolph; 
muscle, by W. 0. Fenn; the digestive system, by J. E. Thomas; liver and 
bile, by W. B. Hawkins; formed elements of the blood, by G. M. Hiooins; 
heart, by C* J. Wiggers and H. D. Green; peripheral circulation, by V. E. 
Hall; electrical activity of the brain, by H. H. Jasper; the autonomic ner- 
vous system, by D. Sheehan ; the special senses, hearing, visual receptors, 
and vibratory sensations and pain, by E. Baranym, R, Granit, and Y. 
Zotterman, respectively ; physiological psychology, by H. S. Liddell ; kid- 
ney, by L. Letter; metabolic functions of the endocrine glands, by S. 
SosKiN; endocrine aspects of the physiology ofVeproductioii, by 0. Riddle; 
reproduction in mammals, by M. H. Friedman ; bacterial chemotherapy, by 
E. K. Marshall, Jr.; histamine and anaphylaxis, by W. Feldberg; and 
exercise, by A. H. Steinhaus. 
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These reviews have been prepared with great care. They portray the 
recent advances in physiology with clarity and accuracy, and are of the 
utmost importance to intelligent research in the field of physiology. The 
price of this volume is $5.00, as usual, and there is no better bargain, any- 
where, in the field of physiological literature. The war in Europe has inter- 
fered with the receipt of foreign journals, and with the preparation of 
reviews by foreign experts. Nevertheless, many of the reviews are critical 
summaries, guiding the reader in appraisal of the progress, others a synoptic 
review of what has been accomplished. Naturally one prefers the reviews 
which offer appraisal and criticisms of the investigations, since this is the 
essence of progress, but all will be found valuable to the working physiolo- 
gists. 

The American Physiological Society, Annual Reviews, Inc., the capable 
editors, Dr. James Murray Luck and Dr. Victor E. Hall, and the collabo- 
rators who performed the valuable services in preparing the reviews d^erve, 
and will receive, the thanks and enduring gratitude of all workers who 
benefit from their efforts. Those who desire to own a copy, should address 
Annual Reviews, Inc., Stanford University, California. 
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INFLUENCE OP NITROGEN SUPPLY ON THE RATE OP MULTI- 
PLICATION OP TOBACCO-MOSAIC VIRUS 

Ernest L. Spencer 
(with thbee figures) 

Introduction 

In a former paper the writer (10) reported experiments which showed 
that the virus activity of juice expressed from tobacco plants diseased with 
tobacco mosaic was correlated with the amount of nitrogen supplied to the 
plants. No conclusions could be drawn from these experiments as to 
whether this increased activity was due to an increase in the rate of virus 
multiplication or to some other factor, such as greater accumulation of 
virus particles over a longer period of time, less destruction of virus, or 
greater dispersion of aggregates of virus particles. Further studies have 
now been completed which suggest that the variation in virus activity re- 
sulting from a change in nitrogen supply may be brought about by a change 
in the rate of virus multiplication. Results obtained from several repeti- 
tions of the experiments to be described below agree closely with those 
reported in this paper. 

Materials and methods 

Seedlings of Turkish tobacco {Nicotiava fabacum L.), used as experi- 
mental host plants, were grown in flats of sand and transplanted at the 
3-leaf stage into 4-inch porous clay pots filled w'ith washed white quartz 
sand. The pots were placed in porous saucers uniformly spaced on a raised 
bench in a greenhouse, the temperature of which varied between 70° and 
80° P. Each seedling received 100 ml. of nutrient solution every other day 
and was supplied with water whenever necessary between nutrient applica- 
tions. Low, medium, and high levels of nitrogen were maintained by the 
use of nutrient solutions, the composition of which has been described pre- 
viously (10). As in the earlier work, the solutions were all supplemented 
with boron and manganese, as HjBOs and MnSO* 2 H 2 O, respectively, at 
a concentration equivalent to 0.5 p.p.m. of each. Plants that received the 
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high-nitrogen solution (2000 p.p.m. of nitrogen) were retarded in growth, 
but showed no other external signs of injury. Those that received the 
medium-nitrogen solution (200 p.p.m. of nitrogen) were comparable in 
growth with those grown in a rich composted soil. Those that received the 
low-nitrogen solution (10 p.p.m. of nitrogen) made little or no growth. The 
plants will be designated for convenience as high-nitrogen, medium-nitro- 
gen, and low-nitrogen plants. 

The seedlings were inoculated usually 3 or 4 days after transplanting. 
One leaf of each plant was rubbed several times with a cheesecloth pad 
moistened with freshly expressed juice from a tobacco plant diseased with 
ordinary tobacco-mosaic virus [Marmor tabad H, (3)]. Systemic symp- 
toms appeared on all plants about 5 days later. When harvested, plants 
were minced in a food chopper and the juice pressed from the pulp by 
means of a small hand press. The expressed juice was cleared of extrane- 
ous insoluble material by low-speed centrifugation. In all determinations 
of virus activity, the cleared juice was used while fresh unless otherwise 
stated. 

Assay fob virus activity 

The expression ‘Wirus content’’ as used in this paper refers only to the 
virus activity of expressed juice. There is no reason to suppose, however, 
that the virus content of the plant is not well represented by the data ob- 
tained on samples of expressed juice. Phascolus vulgaris L. var. Early 
Golden Cluster was used as the test plant as suggested by Price (6). Bean 
plants, 9 or 10 days old, were selected for uniformity in the size of their 
primary leaves, the only leaves used for inoculation. On dark and cloudy 
days, supplementary illumination from 1000-watt Mazda bulbs was sup- 
plied to prevent the bean plants from becoming spindly. The assay for 
virus activity was carried out as follows : Suitable dilutions of the cleared 
juice were made with 0.1 M potassium phosphate buffer at pH 7.0. The 
virus activity of each dilution was then measured by the local-lesion method 
(2). Full use was made of the half-leaf method (9) by comparing pairs of 
treatments on opposite leaf halves in all possible combinations. Since no 
more than 4 treatments were compared at any one time, it was possible to 
test each treatment at least once on every bean plant. When half of the 
test plants had been inoculated, the order in which the samples were ap- 
plied was reversed. The leaves were syringed witli water immediately 
following inoculation. Each dilution of every sample was rubbed on the 
upper surface of 36 half leaves. 

Although at present there is no satisfactory chemical, physical, or bio- 
logical measure of the absolute amount of active virus in a solution, it is 
possible tp calculate with a reasonable degree of accuracy the relative virus 
activity of samples tested at any one time. A comparison of the number of 
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lesions produced on beau leaves by any definite dilution of extracts shows 
which sample is most concentrated at that particular dilution but does not 
show the magnitude of the difference in concentration, because the number 
of lesions produced is not directly proportional to the dilution of virus used 
for inoculation. Samuel and Bald (9) found that the logarithm of the 
numbers of lesions produced by tobacco-mosaic virus is a linear function 
of the logarithm of the virus concentration over a considerable range in 
concentration. The slope of the straight line fitted to data over this range 
is of the order of 0.6 but varies, depending upon experimental and environ- 
mental conditions. By the use of 3 suitable dilutions of each virus sample, 
it is possible to determine the slope of the straight portion of the curve and 
thus obtain a mathematical comparison of the relative virus activity of the 
samples (10, 12). Experimental data on the accuracy of this mathematical 
procedure will soon be published (12). This method of calculation was 
used in the present study. 

Results 

Response in young plants 

It was anticipated that the age of plants at the time different nutrient 
treatments were first started might influence the results. Consequently, tests 
were made with both young and old plants. The first tests with young 
1)1 ants were carried out in May and included a group grown in composted 
soil. Differential nutrient treatment was started on the day of inoculation. 
At intervals of 5, 6, 7, 8, and 10 days after inoculation, representative 
plants were harvested from each of the 4 groups (low-nitrogen, medium- 
nitrogen, high-nitrogen, and soil-grown plants). The relative virus con- 
tent in the expressed iuice from each set of plants was determined; the 
experimental data are i)resented in table I. In this table it is not possible 
to compare the activity data of one harvest with those of another harvest, 
because the virus-activity tests were carried out each day on fresh tissue 
immediately after harvesting. The relative virus content per plant was 
(calculated by multiplying the virus content per milliliter of juice by the 
average number of milliliters expressed per plant. At each harvest, the 
control plants gro\\Ti in composted soil were the largest, although by the 
10th day after inoculation the medium-nitrogen plants were nearly equal in 
size. The high-nitrogen plants were slightly smaller than the medium- 
nitrogen plants at all times. 

The relative virus content of the plants on the various treatments is ex- 
pressed diagrammatically in figure 1. At all harvests except the first the 
virus content of the high-nitrogen plants was greater than that of the 
medium-nitrogen plants. On the 5th and 6th days after inoculation the 
virus content of the high-nitrogen plants was less than that of plants grown 
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TABLE I 

ViRTIS ACTIVITY OF JUICE EXPRESSED AT INTERVALS AFTER INOCULATION FROM DISEASED 
TOBACCO PLANTS RECEIVING DIFFERENT AMOUNTS OF NITROGEN 


Kitrogen 

LEVEL* 

Time of 
harvest : 

DAYS 

AFTER 

INOCULA- 

TION 

No. OF 
PLANTS 
HAR- 
VESTED 

Average per plant 

Number of lesions 
ON 36 half leaves 
at a dilution ort 

Eelative 
virus con- 
tent PER 

Green 

WEIGHT 

1 Volume 

OF JUICE 
EXPRESSED 

io-> 

10"*® 

10-® 




days 


ffm. 

ml. 






Low 

5 

45 

1.2 

0.5 

2111 

1009 

458 

38 

10 

Medium 

5 

40 » 

2.0 

1.1 

3026 

2531 

805 

103 

60 

High 

5 

35 

2.0 

0.9 

3211 

2420 

834 

113 

54 

Control 

5 

25 

3.4 ] 

1.9 

2495 

2202 

934 

100 

100 

Low 

6 

40 

1.6 

0.7 

793 

275 

111 

20 

5 

Medium 

6 

30 

2.6 

1.3 

1681 

631 

299 

72 

30 

High 

6 

30 

2.6 

1.3 

2000 

982 

568 

133 

56 

Control 

6 

20 

5.5 

' 3.1 

1631 

830 

471 

100 

100 

Low 

7 

30 

2.0 

0.9 

1025 

650 

434 

30 

12 

Medium 

7 

20 

3.0 , 


1238 

1174 

619 

113 

72 

High 

7 

20 

2.8 1 

1 1.4 

3292 

1330 

731 

164 

104 

Control 

7 

15 

4.8 1 

1 2.2 

1115 

1219 

606 

100 

100 

Low 

8 

25 

2.6 

i 1.2 

2940 

1930 

1357 

189 

73 

Medium 

8 

20 

4.5 

i 2.1 

2954 

1772 

1509 

191 

129 

High 

8 

20 

4.3 

2.1 

3450 

2060 

1289 

216 

146 

Control 

8 

15 

5.8 

3.1 

2239 

1494 

1265 

100 

100 

Low 

10 

25 

2.6 

1.2 

4566 

2797 

2336 

98 

33 

Medium 

10 

15 

6.4 

3.1 

6588 

3335 

3657 

295 1 

254 

High 

10 

15 

5.5 

2.5 

6405 

3985 

3847 

428 

297 

Control 

10 

12 

7.3 

3.6 

4529 

2773 

2443 

100 i 

1 

100 


* The plants used as controls were grown in composted soil. 

+ At first harvest 5 days after inoculation, the juice was tested at dilutions 10‘% ®, 

and 10"*. 


in soil, but on successive days after the 6th day it was progressivelj" greater 
than that of the soil-grown plants. By the 10th day the high-nitrogen 
plants had 3 times more virus in their expressed juice than did the soil- 
grown plants. The virus activity of the medium-nitrogen plants was inter- 
mediate between the activities of the plants on these 2 treatments in both 
harvests after the 7th day. The virus activity of the low-nitrogen plants 
was considerably less than that of any other plants at all harvests. 

This evidence indicates that the addition of a large supply of nitrogen 
brought about a decided increase in the rate of virus multiplication, the 
increase being detectable as early as the ft^h day after inoculation. Inas- 
much as the increased nitrogen supply di# not produce any noticeable in- 
crease in the rate of plant growth within *ihe experimental period, differ- 
ential growth cannot be considered as the factor responsible for this change 
in the rate of virus multiplication. The presence of readily available nitro- 
gen in the sand cultures wsis influential in increasing virus multiplication 
at a rate faster than that which occurred in plants grown in composted soil. 
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In order to determine whether the effect of an increased nitrogen supply 
might also be detectable by a change in the amount of virus protein in the 
expressed juice, an experiment of the same general plan as that of the pre- 
vious experiment was conducted. It was necessary’’ to modify the experi- 
mental procedure to some extent, however, to allow for the chemical deter- 
mination of the virus protein. In order to remove all normal, high molec- 
ular weight protein present in diseased as well as in healthy tobacco plants, 
the plants were frozen at - 14° C. immediately after harvesting. It has 
been pointed out by Bawden and Pirie (1) that the virus protein is unaf- 
fected by freezing, whereas the normal protein of corresponding size is 
denatured and rendered insoluble by such treatment. The plants were 
held at this temperature in covered dishes for at least 24 hours and then 
minced. Following treatment of the macerated pulp with 3 per cent, by 
weight of K2HPO4 to decrease the hydrogen-ion concentration to about pH 



5 6 7 6 10 

DAYS AFTER INOCULATION 


Fig. 1, The relative virus content in juice expressed at intervals following inocula- 
tion from plants receiving different amounts of nitrogen. 

7, the pulp was allowed to thaw at room temperature. The expressed juice 
was cleared of insoluble materials by low-speed centrifugation. One ali- 
quot of the clarified juice was analyzed for virus-protein content, another 
for total-protein content, and a third was assayed for virus activity. 

The virus protein was isolated by means of an air-driven ultracentrifuge 
(13, 14) as follows: Ten-ml. aliquots of the clarified jui(^ were ultracen- 
trifuged for 1 hour, at a speed of about 33,000 r.p.m., corresponding to a 
field with a mean force of approximately 60,000 times gravity. The pellet 
containing the virus protein was suspended in not over 10 ml. of buffer 
(0.1 M potassium phosphate at pH 7.0). This sus})ension was then spun in 
an angle centrifuge for 10 minutes to remove pigment and aggregated col- 
loidal matter. The supernatant solution containing the soluble virus pro- 
tein was again ultracentrifuged, and this procedure followed by re-suspen- 
sion of the virus protein and low-speed angle centrifugation to remove any 
remaining insoluble material. The supernatant solution was then made up 
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to its original volume with buflfer and analy^ied for nitrogen ( 11 ) by diges- 
tion with concentrated H 2 SO 4 , in the presence of K 2 SO 4 and SeOCl, and 
distillation of the nitrogen present as ammonia. 

TABLE II 

Virus activitt and virus-protein content or juice expressed at intervals after 

INOCULATION PROM DISEASED TOBACCO PLANTS RECEIVING DIFFERENT 
AMOUNTS OP NITROGEN 


Nitrogen 

LEVEL 

Time of 

HARVEST: 
DAYS AFTER 
INOCULA- 
TION 

No. OF 
PLAINTS 
HAR- 
VESTED 

Average PER PLANT 

Relative virus 

CONTENT PER 

Protein con- 
tent PER ML. 
OF JUICE (MG. 

Nx6) 

Green 

WEIGHT 

Volume 

OF JUICE 

EXPRESSED 

Ml. 

Plant 

Total 

Virus 


days 

1 

gm. 

ml. 




mg. 

Low 

4 

2o 

1.5 

0.7 

34 

20 

2.28 

0.10 

Medium 

4 

20 

2.3 

1.2 

100 

100 ’ 

3.12 

0.10 

High 


22 

2.0 

1.1 

166 

152 

3.12 

0.10 

Low 

5 1 

1 25 

1.5 

0.7 

44 : 

24 

3.12 

0.16 

Medium 

5 ' 

20 

2.3 

1.3 

100 

100 

3.84 

0.28 

High 

5 1 

1 22 

2.7 

1.7 

113 

148 

3.48 

0.25 

Low 

6 ’ 

25 

1.5 

1 0.9 1 

1 35 

19 1 

2.46 

i 0.28 

Medium 

6 1 

1 18 

2.7 

1.7 i 

1 100 

100 

6.00 

0.60 

High 

6 

18 

3.1 

: 1.9 

101 

113 

5.52 

0.76 

Low 

7 1 

25 

1.8 

1.1 

, 35 

14 

2.82 

0.41 

Medium 


15 

4.1 

2.7 

100 

100 

6.42 

1.05 

High 

7 

15 

3.6 

2.2 

99 

81 

5.40 

1.10 

Low 

8 

22 

2.0 

1.2 

25 

11 

2.52 

0.64 

Medium 

8 

12 

4.4 

2.7 

100 

100 

7.86 

1.68 

High 

8 

15 

4,7 

2.9 

122 

131 

8.04 

2.16 

Low 

10 

20 

2.6 

1.6 

31 

14 

2.70 

0.90 

Medium 

10 1 

10 

5.6 

3.5 

100 

100 

8.52 

2.04 

High 

10 

10 

7.0 

4.6 

132 

173 

8.40 1 

2.46 

Low 

12 

20 

2.3 

1.3 

39 

! 9 

3.60 ' 

1.20 

Medium 

12 

10 

8.5 

5.7 

100 

1 100 

9.30 , 

2.76 

High 

12 1 

10 

9.0 

6.1 

155 

166 

10.92 1 

3.66 


The data recorded in table II are from this experiment carried out in 
June. Representative plants were harvested from each of the 3 treatments 
in sand (low-nitrogen, medium-nitrogen, and high-nitrogen) at 4-, 5-, 6 -, 
7-, 8 -, 10-, and 12-day intervals follovdng inoculation. From the virus 
activity data as recorded in columns 6 and 7, it is apparent that during the 
period when systemic symptoms of the disease were first appearing, 5 to 7 
days following inoculation, the juice from the low-nitrogen plants was only 
about 35 per cent, as active on the unit-volumb basis as was that from plants 
receiving larger amounts of nitrogen. By the 8 th day, it was less than 25 
per cent, as active. When calculated on the plant basis, the data indicate 
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that by the 8th day following inoculation the juice from the high-nitrogen 
plants contained 12 times more virus than that from the low-nitrogen 
plants, even though the high-nitrogen plants were only 2 to 3 times as large. 

Prom the data pertaining to the total protein measurements, it is appar- 
ent that the protein content per ml. of juice expressed from the low-nitro- 
gen plants increased only 50 per cent, in the 8 days between the 4th and 
12th days after inoculation. The plants of the other 2 nitrogen treatments, 
liowever, increased about 300 per cent, during the same period. During the 
8-day period, the total protein content in the juice from the entire plant 
increased only 3-fold in the case of the low-nitrogen plants but increased 
about 14 times in the case of the medium-nitrogen plants and over 18 times 
in the case of the high-nitrogen plants. 



Fio. 2. Virus-protein content of juice from plants harvested at 4-, 5-, 6-, 7-, 8-, 10-, 
and 12“day intervals after inoculation, the plants having received either low, medium, or 
high amounts of nitrogen. The upper graph represents the virus-protein contents per ml. 
of juice; the lower graph the virus-protein contents per plant. 
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The data pertaining to the virus-protein content in the juice from plants 
receiving either low, medium, or high amounts of nitrogen are represented 
by the 2 graphs in figure 2. As shown in the upper graph, the juice from 
the low-nitrogen plants at all harvests had less virus protein per ml than 
that from plants on either of the other 2 nitrogen treatments; juice from 
the high-nitrogen plants had the most. Four days after inoculation, virus- 
protein content per ml. of expressed juice was practically the same in all 3 
treatments. During the next 8 days, the virus-protein content per ml. of 
juice from the low-nitrogen plants increased 12-fold, whereas that in the 
medium-nitrogen and that in the high-nitrogen plants increased over 27 
and 36 times, respectively. During the 8-day interval between the 4th and 
12th days after inoculation, the calculated virus-protein content in juice 
from the entire low-nitrogen plants increased over 20 times. During this 
same interval, however, the virus protein in the medium-nitrogen plants 
increased over 130 times, and that in the high-nitrogen plants over 200 
times. The growth data in table II show that in no case did the weight of 
these plants increase more than 5-fold during this interval. 

Response in older plants 

Since the above data show that in young plants an increase in the nitro- 
gen supply is quickly followed by a rapid increase in virus content, an 
experiment was next carried out to determine what effect a supplementary 
supply of nitrogen might have when applied to older plants. High-nitro- 
gen treatment was started on groups of representative plants at 4 different 
intervals after inoculation. The relative size of the plants in each group 
when the supplementary nitrogen was first added is illustrated in figure 3. 



JPio. 3. Bepresentatite tobacco plants at time "of initiation of high-nitrogen applica- 
tion, 0, 6, 12, and 18 days after inoculation, respectively, from left to right. (Photo- 
graph by J. A. OarlixiX.) 
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In series A, represented by the plant on the left, the high-nitrogen solution 
was applied every second day beginning on the day the plants were inocu- 
lated. In series B, the first addition of the high-nitrogen solution was made 
6 days after inoculation ; in series C, 12 days after ; and in series D, 18 days 
after inoculation. Since the experimental data obtained in series D were 
similar to those in series C, they will not be included in the present discus- 
sion except for occasional mention. Plants not receiving the high-nitrogen 
solution were supplied the medium-nitrogen solution every second day. 
All plants were frozen immediately after harvesting so that determinations 
could be made of the virus-protein content. The results of this experiment, 
carried out during September and October, are recorded in table fll. 

TABLE III 


Increase in virus concentration and virus-protein content of juice of diseased 

PLANTS FOLLOWING THE ADDITION OF AN INCREASED NITROGEN SUPPLY 
AT INTERVALS AFTER INOCULATION 


Initial 

HIGH-NITRO- 

GEN ADDI- 
TION ; DAYS 
AFTER INOCU- 
LATION j 

Time of 

HARVEST : 
DAYS AFTER 
CHANGE IN 
N TREAT- 
MENT 

Green weight 

PER PLANT 

Percentage 

INCREASE IN 

VIRUS con- 
tent IN 
high-N 

PLANTS 

ViRTIS-PROTEIN CONTENT PER 
ML. OP JUICE (MG. N X 6) 

Medium- 

N 

High- 

N 

Medium- 

N 

High- 

N 

1 

Percentage 

increase 

daya 

days 

gm. 

gm. 

% 

mg. 

1 mg. 

% 

Series A 








0 

4 

0.8 

0.8 

23 

0.14 » 

0.03? 


0 

8 

2.0 

1.7 

48 

1.08 

3.39 

28 

0 

32 

4.5 

3.6 

39 

1.84 

2.52 

37 

Series B 








(5 

4 

3.0 

3.5 

36 

1.74 

1.91 

10 

6 

8 

5.2 

5.5 

71 

2.18 

1 3.19 

46 

6 

12 

9.5 

30.0 

97 

2.60 

1 3.83 

47 

Scries C 






I 


32 

4 

7.8 

6.9 

0 

3.101 

3.33 

8 

12 

8 

36.2 

14.1 

7 

2.75 

3.70 

34 

12 

12 

23.2 

17.8 

55 

2.86 

3.88 

36 


The plants in series A were quite small, since the initial addition of the 
high-nitrogen solution was made at the time of inoculation. At 4-day in- 
tervals after inoculation, representative plants were harvested from both 
the high- and medium-nitrogen treatments. At the first harvest, the juice 
from the high-nitrogen plants was 23 per cent, more active than that from 
the medium-nitrogen plants. After 8 days it was 48 per cent, more active 
and 4 days later 39 per cent, more active. In series B> the initial addition 
of the high-nitrogen solution was not made until the 6th day after inocula- 
tion, at which time the plants showed symptoms of systemic infection. 
With plants at this stage, the high-nitrogen treatment brought about a pro- 
nounced increase in the virus activity of the juice. Pour days after the 
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change in nutrient solution, juice from the high-nitrogen plants was 36 per 
cent, more active than that from the medium-nitrogen plants. It was 71 
p^ cent, more active after 8 days and 97 per cent, more active after 12 
days. This percentage increase is greater than that recorded in series A. 
This may be explained by the fact that in series A the plants were inocu- 
lated at the same time that high-nitrogen treatment was started. There- 
fore, several days were required for the virus to become established and to 
invade the plants systemically before it could respond to the added supply 
of available nitrogen. In series B, however, the plants were thoroughly 
diseased before the addition of the supplementary supply of nitrogen. In 
the third group (series C) the plants had been inoculated for 12 days before 
they received the high-nitrogen solution. With these larger plants, the 
high-nitrogen treatment apparently produced little or no increase in virus 
activity until the plants had been on treatment about 12 days. It may be 
that in larger plants the increased nitrogen supply does not become effective 
as rapidly as it does in medium-size plants. A similar relationship was 
found when the high-nitrogen treatment was started on the 18th day after 
inoculation. 

The virus-protein content of the juice from plants 4 days after inocu- 
lation, before symptoms of systemic invasion had become apparent, was 
practically negligible. Eight days after inoculation, when the plants 
showed symptoms of systemic invasion, the virus-protein concentration in 
the juice of the high-nitrogen plants was 28 per cent, higher than that in 
the medium-nitrogen control plants. Four days later it was 37 per cent, 
higher in the high-nitrogen plants. This percentage increase in virus pro- 
tein is comparable to the increase found in the virus activity studies. 

In series B, with systemically diseased plants, the juice from the high- 
nitrogen plants had a higher virus-protein content than did the medium- 
nitrogen plants at each of the 3 harvests. The percentage increase became 
greater as the period of high-nitrogen treatment became more extended. 
Although the percentage increase in virus protein, due to the high-nitrogen 
treatment, was smaller than the percentage increase recorded by the activity 
measurements, both were in the same direction. With older plants (series 
C) the high-nitrogen treatment also resulted in the formation of a higher 
virus-protein concentration in the juice of diseased plants. The nitrogen 
measurements of the medium-nitrogen treatment 4 days after treatment 
were abnormally high and may not be representative, but those made after 
8 and 12 days indicate that the virus-protein concentration in the juice 
from the high-nitrogen plants was 35 per cent, greater than that in juice 
from the medium-nitrogen plants. 

Discussion 

The experimental data presented in this paper are at variance with 
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recent results published by Rischkov and Smirnova (7). Working with 
tomato plants infected with tobacco-mosaic virus, they reported that (1) 
the concentration of virus in the juice of nitrogen-deficient plants is equal 
to that in plants supplied normal amounts, and that (2) the disease fails to 
retard the development of plants receiving an adequate nitrogen supply. 
It is difficult to reconcile the results of these workers with those obtained 
by the writer. The data presented here (table I) and in a previous paper 
(10, table III) indicate a much lower virus concentration in nitrogen-defi- 
cient plants, the concentration often amounting to as little as 1/30 that in 
nitrogen-fed plants. Previously published data (10, table V), corroborated 
by similar unreported data found in this study, also show that, on all nitro- 
gen levels tested, diseased plants are regularly smaller and Tveigh less than 
healthy control plants. 

Throughout this paper, the experimental data dealing with rate of virus 
multiplication have been based on measurements of the relative virus con- 
tent in the juice of treated and control plants at definite periods following 
inoculation. Since these time periods were short, it is assumed that any 
variation in relative virus content was due primarily to an alteration in 
the rate of virus multiplication brought about by the change in nutritional 
treatment. Although the experimental evidence supports this hypothesis, 
two other possible explanations should be mentioned briefly. One possi- 
bility is that the increased virus content of the high-nitrogen plants may 
have resulted from a greater stability of virus in these plants than in low- 
nitrogen plants, implying a differential rate of inactivation rather than a 
differential rate of formation. Kunkel found that such viruses as those 
causing aster yellows (5), peach yellows, little peach, peach rosette, and 
red suture (4) can be inactivated by heat treatments within the living 
plant. Ross (8) suggested that alfalfa-mosaic virus may be inactivated in 
tobacco plants under normal growing conditions. It has recently been 
shown (11) that the activity of tobacco-mosaic viru^ in vivo may decrease 
under nitrogen-deficient conditions, but such a decrease could account for 
only a small part of the differences observed here between the virus activity 
of the plants on the various nitrogen treatments. 

Another possibility that might explain the experimental evidence is that 
under certain growing conditions the virus particles within the plant or in 
the expressed juice may come together to form aggregates containing many 
virus j)articles. If this assumption were correct, the high-nitrogen treat- 
ment might cause dispersal of virus particles into smaller aggregates, 
thereby producing more infectious units without actually increasing the 
total amount of virus present. The fact that in this study a corresponding 
increase was found not only in virus concentration as determined by the 
local-lesion method but also in virus-protein content would tend to rule out 
differential dispersion as an explanation for the observed facts. 
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Therefore, in the present state of our knowledge, it is permissible to 
state with certainty only that the high-nitrogen treatment has resulted in 
an increase in the virus content of the expressed juice. In the light of 
present evidence, it would seem logical to assume that an increase in the 
rate of virus multiplication may have taken place in the high-nitrogen 
plants. The increase appears to be correlated with the nitrogen supply 
itself and not in any direct way with a growth differential resulting from 
the nitrogen treatment. It is not improbable that even in small plants there 
may be only a limited supply of available nitrogen. In this ease, as with 
larger plants, the competition for the available nitrogen between the normal 
growth processes and those responsible for virus formation may be a limit- 
ing factor in virus multiplication. With an abundant supply of nitrogen 
and in the absence of other possible limiting factors, virus multiplication 
should proceed at an ever increasing rate, the nitrogen serving as part of 
the substrate. 

Summary 

A study was made of the influence of nitrogen supply on the rate of 
multiplication of tobacco-mosaic virus in Turkish tobacco plants. Plants, 
grown in sand, were supplied with nutrient solutions containing either a 
low, medium, or high amount of nitrogen. Assay for virus activity was 
made on Phaseolus vulgaris L. var. Early Golden Cluster. The virus pro- 
tein was isolated by means of an air-driven ultracentrifuge. 

In young plants a difference in virus activity could be detected as early 
as the 5th day after inoculation, when the juice expressed from low-nitro- 
gen plants was found to be only about 35 per cent, as active as that in juice 
from plants receiving more nitrogen. By the 8th day, it was less than 25 
per cent, as active. A 3-fold difference was recorded in the virus-protein 
contents in the juices of these 2 treatments. The activity data calculated 
per plant indicate that by the 8th day after inoculation the juice from the 
high-nitrogen plants contained 12 times more virus than that from the low- 
nitrogen plants, even though the high-nitrogen plants were only 2 or 3 
times as large. Prom the 4th to the 12th day after inoculation, the virus- 
protein content of the juice expressed from the low-nitrogen plants in- 
creased about 20 times, whereas that of juice from the high-nitrogen plants 
increased over 200 times. 

Older diseased plants receiving the medium-nitrogen solution for longer 
periods before being given the high-nitrogen solution attained greater virus 
activity as a result of the supplementary supply of nitrogen. The data 
indicate that the larger the plant the more^time is required for the increased 
nitrogen supply to become effective. 

The experimental evidence is interpreted as supporting the view that 
the increased virus activity associated with an increased nitrogen supply 
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is due primarily to an increase in the rate of virus multiplication in the 
case of the high-nitrogen plants and only slightly, if at all, to the partial 
inactivation of the virus entity in the case of the low-nitrogen plants. 
Department op Animal and Plant Pathology 

The Rockepeller Institute for Medical Reseai^ch 
Princeton, New Jersey 
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THE EFFECT OF HIGH CONCENTRATIONS OF CARBON 
DIOXIDE ON THE GLUTAMINE AND ASPARAGINE 
METABOLISM OF THE SUGAR BEET 

J. M. Fite and W. C. Ferguson 
(with one figure) 

Introduction 

It is well known that asparagine is one of the most important amides of 
the cell sap of plants and that excesses of ammonia from any source (in- 
ternal or external) are removed in part by conversion into asparagine (1, 
8). Likewise, glutamine is an important amide and in some plants its for- 
mation may be more important in maintaining ammonia at a tolerant 
level than is asparagine (8, 12, 13). 

Earlier investigations (3) revealod that in sugar beet plants subjected 
to high concentrations of carbon dioxide there is an increase in ammonia 
and a decrease in the hydrogen ion concentration of the cell sap (3, 4). 
The increase of ammonia, in the plants exposed to 20 per cent, carbon di- 
oxide, was fully accounted for by the loss of amide nitrogen. Only 44 per 
cent, of the increase of ammonia nitrogen could be accounted for by the loss 
of amide nitrogen when the plants were exposed to 40 per cent, carbon 
dioxide. Only 10 per cent, of the increase of ammonia could be accounted 
for by the loss of amide nitrogen, when 80 per cent, carbon dioxide was 
used. It was also demonstrated that when carbon dioxide- treated beet 
plants were allowed to recover, the amide nitrogen increased to its original 
value apparently at the ex^iense of the ammonia and with the formation of 
hydrogen ions. Inasmuch as most plants are poorly buffered at the pH of 
their normal cell sap, it may be that amide nitrogen plays an important role 
in the detoxification of hydrogen ions or compounds formed as a result of the 
treatment of plants with carbon dioxide. 

In this paper are presented data showing the changes in ammonia, 
glutamine-amide and asparagine-amide nitrogen in sugar beet plants ex- 
posed to high concentrations of carbon dioxide. Data are also presented 
showing the changes which take place in beet-leaf extracts^ on standing and 
certain modifications of the method of treating the extracts which appear 
to be a distinct advantage in determining more accurately the mentioned 
compounds in beet leaf extracts. 

The methods developed by Vickery, Pucher, Clark, Chibnall and 
Westall (11) for the determination of glutamine in the presence of as- 
paragine in plant tissues were used, with a slight modification, in studying 

^ The term beet-leaf extracts” refers to extracts of the blades of the leaves only. 
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the role these compounds play in the reactions accelerated in plants by high 
concentrations of carbon dioxide. They were further used to determine, if 
possible, the source of the ammonia not accounted for by the decrease in 
amide nitrogen reported in earlier work (3). Preliminary tests revealed 
that modification was necessary; in the nitrogen fractions of beet-leaf ex- 
tracts prepared by those methods (Vickery ei al), changes occurred 
before complete analysis could be made of all the extracts comprising one 
experiment. 

Materials and methods 

Sugar beet plants were grown in the greenhouse in six-inch pots (4 
plants per pot) in well 'fertilized soil for 6 to 8 weeks. The tests in which 
unfertilized plants were used received no ammonium sulphate. The heavily 
fertilized plants received ammonium sulphate each week to keep the plants 
well supplied with nitrogen. Each pot also received a hea\y application of 
ammonium sulphate 10 to 14 days before the samples were taken in order 
to stimulate the production of amides (12). A large number of plants 
were pulled and divided into lots. No tests were conducted in w’hich fewer 
than 30, and generally 50, plants made up the samples. The sampling error 
was found to be insignificant when 20 plants comprised the sample. One 
lot served as the control while the remaining lots were treated with different 
concentrations of carbon dioxide and for varying lengths of time. 

The plants were placed in an upright position in a test tube basket over 
which was placed a 22-liter bell jar. Air equal to the desired volume of 
carbon dioxide was displaced with water. Carbon dioxide from a cylinder 
was immediately forced into the bell jar until all the water was displaced. 
The entire plants were treated in this way for a definite period; the blades 
and petioles were then immediately removed, separated, and ground in a 
platp type grinding mill. Certain lots were allowed to recover from the 
carbon dioxide treatment; these were placed in the laboratory with their 
roots iu water for 5 hours, after which the leaves were removed. Prom this 
poinl'^, the methods of preparing the samples and also the analytical pro- 
cedure were identical for the treated and the control samples ; consequently 
all systematic errors were eliminated by mutual cancellation. 

The pulp was thoroughly mixed before 100-gram samples and two 
moisture samples were removed. Twenty-five ml. of ether were added to 
the samples which were allowed to stand, with frequent stirring, for 30 
minutes. Each sample was then transferred to a coarse-meshed cloth, and 
the juice expressed by hand. Water was then added to the pulp and the 
liquid expressed by hand. This operatioi^ was repeated six times to insure 
the removal of all soluble nitrogen. This brought the total volume of the 
extracts to approximately 250 jal. Tests showed that an average of 80 per 
cent, of the liquid present in the pulp was expressed after each addition of 
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water. A further test showed that only 0.34 per cent, of the total soluble 
nitrogen present in the sample was found in the 7th, 8th and 9th extractions 
combined. The samples were brought to 80® C., filtered through paper 
pulp, cooled rapidly, and made up to a volume of 250 ml. Special tests 
showed that the paper pulp did not retain significant amounts of soluble 
nitrogen. 

All nitrogen determinations were made in duplicate. The ammonia was 
distilled over at atmospheric pressure in a micro Pyrex steam distillation 
apparatus (6). The distillates were evaporated to approximately 20 ml. 
and titrated using 0.01 N solutions and methyl red as indicator. Correc- 



Fia. 1. Vacuum distillation ai>puiatu8. 

tions for the blank were applied in all determinations. The titration and 
distillation error using this apparatus was 0.014 mgm. of nitrogen. 

The ammonia in 100-ml. aliquots was determined by distilling in vacuo 
unless otherwise stated. Preliminary experiments demonstrated that a 
bead tower as shown in figure 1 was necessary to hold the ammonia carried 
over with the spray caused by the air bubbling through the liquid in the 
receiving flask. The sample was transferred to the distilling apparatus 
through the stopcock and 25 ml. of a 0.5 N sodium hydroxide solution con- 
taining 5 per cent, borax was added, with distilled water for dilution, to 
render the sample alkaline. Pressure was reduced in the apparatus by 
connecting the outlet of the bead tower to an aspirator. A small amount 
of heat was applied and the stopcock opened allowing sufficient air to 
bubble through the sample to maintain the pressure at 70 mm. of mercury. 
A small amount of acid was added to the receiving flask and the flask hold- 
ing the bead tower. The distillate and the acid in the bead tower were 
combined and redistilled in the micro Pyrex steam distillation apparatus. 
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This was done to eliminate any alkali which might have been carried over 
in the spray formed by the air bubbling through the sample. 

Glutamine-amide nitrogen was determined by the method described by 
Vickery et aL (11). To a 25-ml. aliquot was added an equal volume of a 
0.2 M phosphate buffer mixture (prepared according to Clark [(2) p, 210, 
pH 6.468] and hydrolyzed for two hours. The distillation was carried out 
in vacuo as described, using the alkaline borate mixture to render the 
sample alkaline. The distillates were redistilled in the micro steam dis- 
tillation, apparatus. Preliminary tests as suggested by Vickery ei aL (11) 
indicated the absence of urea and allantoin in the beet-leaf extracts. 

Samples for asparagine-amide nitrogen were made 1 normal with sul- 
phuric acid and hydrolyzed for three hours. The samples were almost neu- 
tralized with sodium hydroxide and then made slightly alkaline with the 
alkaline borate mixture; ammonia was distilled over at atmospheric pres- 
sure. Extensive tests demonstrated that with the material and the apparatus 
used it was not necessary to distill the asparagine-amide samples over in 
vacuo. 

Soluble nitrogen was determined on aliquots after precipitation of the 
proteins. A catalyst of sodium sulphate, copper sulphate, and selenium 
was used to hasten digestion (6). 


Results 

Preliminary experiments indicated that certain nitrogen fractions in 
beet-leaf extracts were highly unstable upon standing several hours under 
laboratory conditions, as shown by an increase in ammonia nitrogen. Pre- 
liminary tests also revealed that heating the extracts to 80° C. and filtering, 
as outlined by Vickery ei ah (11) w^as insufiScient to prevent these changes 
from taking place in the extracts before complete analysis could be made of 
all the extracts comprising one experiment. The rate and extent to which 
these changes take place in aliquots of beet-leaf extracts on standing are 
shown in table I. These data are typical of the results obtained. In 24 
hours, the ammonia increased 3.8 per cent., while the glutamine-amide 
nitrogen decreased the same amount. In the 72-hour period the ammonia 
increased 135 per cent. Approximately 20 per cent, of the total gain in 
ammonia nitrogen could be accounted for in this experiment by the loss in 
glutamine-amide nitrogen. During this same period the asparagine-amide 
nitrogen increased 40 per cent. 

In all cases a marked increase in ammonia occurred upon standing. The 
glutamine-amide nitrogen consistently decreased while at the same time 
the asparagine-amide nitrogen increased. The increase in asparagine-amide 
nitrogen, on standing 48 hours, for the experiments as listed was 39, 97, 114 
and 22 per cent., respectively. In view of these facts, it is evident that cer- 
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TABLE I 

The changes in ammonia, olutamine-amide and aspabagine-amide nitrogen 

IN ALIQUOTS OF BEET-LEAF EXTRACTS HEATED AND ALLOWED TO STAND 


Hours 

Tem- 


Nitrogen per 1000 grams of dry tissue 


BEFORE 

ANALYSIS 

PERA- 

TURE 

HEATED 

Soluble 

NITROGEN 

NH., 

nitrogen 

Glutamine- 

amide 

nitrogen 

Asparagine- 

amide 

NITROGEN 

Total 

AMIDE 

NITROGEN 


°C. 

ffm. 

am. 

am. 1 

' am. 

am. 

Control 

80 

13.58 

0.368 

0.944 

0.500 

1.444 

24 

80 


0.382 

0.908 

0.449 

1.357 

48 

80 


0.526 

1 0.905 

0.695 

1.600 

72 

80 

, 13.58 

0.865 

1 0.847 

0.701 

1.548 

(^ontrol 

80 

10.20 

0.417 

0.530 

0.288 

0.818 

48 

80 

, 10.20 

1.007 

0.359 

0.566 

0.925 

Control 

80 

11.92 

0.382 

0.776 

0.494 

1.270 

48 

80 

11.92 

0.832 

0.146 

1 1.057 

1.203 

Control 

100 

10.91 

0.265 

0.371 

0.388 

0.759 

48 

100 

11.40 

0.642 

0.272 

* 0.471 

0.746 


tain sub8tanc*es which are unstable are still present in the beet-leaf extracts 
after being heated to 80° C. and filtered. Webster (14) observed the for- 
mation of ammonia in plant extracts stored in alcohol and concluded that 
it might have come from deaminization of amino acids. 

Inasmuch as the pH of the beet-leaf extracts was higher than the iso- 
electric points of asparagine and glutamine, the next step was to determine 
the nitrogen changes in the extracts on standing after the hydrogen ion 
concentration had been increased. In t^vo experiments the extracts used as 
(‘ontrols were heated to 80° C. and filtered. The other extracts were brought 
to boiling and 2 ml. of 10 per cent, acetic ac'id added as recommended by 

TABLE IT 

The (’HINGES IN ammonia, GLUT\MINE amide, AND ASPARAGINE- \MIDE NITROGEN, 

IN THE BEET LEAP EXTRACTS WHEN HEATED TO SO® C. AND 
1 00° C. AND ADJUSTED TO pH 4.5 




Stood 


Nitrogen per 1000 or\ms dry tissue 

Tempera- 

ture 

pH 

BEFORE 

ANALY- 

SIS 

Solu- 

ble 

NH„ 

Glutaminf 

amide 

Asparagine 

amide 

Total 

AMIDE 

°C. 


hr. 

am. 

am. 

am. 

am. 

am. 

80 Control 

5.9 

0 

14.68 

0.412 

0.900 

0.638 

1.538 

100 

4.5 

0 

14.42 

0.428 

0.940 

0.654 

1.594 

80 Control 

5.9 1 

0 

14.72 

0,924 

1.176 

0.469 

1.645 

100 

4.5 

0 

13.98 

0.920 

1.152 

0.465 

1.617 

80 Control 

5.9 

0 

10.91 

0.265 

0.371 

0.388 

0.759 

80 

4.5 

48 

11.12 

0.275 

0.382 

0.421 

0.803 

100 

5.9 

48 

11.40 

0.642 

0.272 

0.474 

0.746 
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Niohtingale et al, (7). The samples were then filtered, cooled, and ana- 
lyzed immediately. In a third experiment, the control extract was heated 
to 80° C., filtered, and analyzed immediately. Another extract was heated 
to 80° C., 2 ml. of 10 per cent, acetic acid added, filtered, and allowed to 
stand 48 hours before being analyzed. A third extract was heated to 100° 
C., filtered, and allowed to stand 48 hours before analysis was made. The 
data are shown in table II. 

The first two experiments demonstrate that the elevated temperature 
with the higher hydrogen ion concentration has no effect on the nitrogen 
fractions. The slight differences shown are probably due to variations in 
extraction. The third » experiment demonstrates that the breakdown of 
glutamine and other amides, with the formation of ammonia, is not arrested 
by merely bringing the extract to boiling. If the hydrogen ion concentra- 
tion was increased no significant change in the nitrogen fractions occurred 
in the extract when allowed to stand 48 hours. 

It appears that the catalytic agents responsible for the breakdown of 
glutamine and the formation of asparagine-amide nitrogen are not inacti- 
vated by bringing the extracts to boiling. If the hydrogen ion concentra- 
tion of the extract is increased sufficiently to bring the pH to 4.5 (which is 
below the isoelectric point of glutamine and asparagine) the extract is 
apparently rendered stable. 


TABLE III 

THF PFFECT of 20 and 40 per cent, carbon dioxide on (CERTAIN NITROGEN FRACTIONS IN 
THE BLADES OF SUGAR BEET LEAVES 


Tre\tment 


Carbon 

DIOXIDE 


Period 

Mm, 


Soluble 


gm,. 


Control 

20 90 

Becoverod 


1.3.66 

13.18 

12.55 


Control 

20 90 

Eecovered 


11.90 

12,30 

12.60 


40 

Control 

60 

40 

Control 

60 

40 

Becovered 

Control 

60 


9.28 

9.62 

10.91 

9.90 

11.12 

9.18 

9.06 

9.07 


NiTROGFN per 1000 Ok\MS OP DRY TISSUE 



Glutam- 

Asp^ra- 

Ammonia 

ink 

GINE 


AMIDE 

AMIDE 

gm. 

gm. 

gm. 

0.248 

0.651 

0.609 

0.410 

0.518 

0.475 

0.330 

0.531 

0.591 

0.382 

0.776 

0.494 

0.523 

0.719 

0.455 

0.487 ! 

0.908 

0.503 

0.141 

0.422 

0.298 

0.268 

0.384 

0.284 

0.265 

0.371 

0.388 

0.400 

0.222 

0.319 

0.257 

0.435 

0.388 

0.137 ' 

0.239 

0.235 

0.242 

0.225 

0.200 

0.151 

0.215 

0.236 


Total 

amide 


gm, 

1.260 

0.993 

1.122 

1.270 

1.174 

1.411 

0.720 

0.668 

0.759 

0..541 

0.823 


0.474 

0.425 

0.451 


Becovered 
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After the preliminary ground work was settled, a number of experi- 
ments were conducted in which sugar beet plants were treated with carbon 
dioxide in concentrations of 20, 40, 80, and 100 per cent. 

The experiments conducted at 20 and 40 per cent, carbon dioxide are 
shown in table III. Changes in the nitrogen fractions in general are the 
same. In all experiments conducted at these concentrations the ammonia 
nitrogen increased while the glutamine-amide and asparagine-amide nitro- 
gen decreased. In general, the loss in amide nitrogen could be accounted 
for by the gain in ammonia nitrogen. When the treated plants were ex- 
posed to a normal atmosphere, the reactions appeared to be reversed since 
the nitrogen fractions in all experiments apjiroached their original values. 
No significant change was observed in the soluble nitrogen when the plants 
were subjected to these concentrations of carbon dioxide. 

Changes in the nitrogen fractions in the plant in 80 and 100 per cent, 
carbon dioxide are different in certain respects from the reactions in 20 and 
40 per cent, carbon dioxide (table IV). In general, the increase in am- 


TABLE IV 

The effect of 80 and 1 00 pek cent, c\rbon dioxide on c’lrtmn nitrogen fractions in 

THE BLADES OP SUGAR BEET LEAVES 


TREATM b .NT 


Nitrogen per 1000 grams of dry tissi^e 


Carbon 

DIOXIDE 


Period 


% 

Control 

min. 

80 

Recovered 

90 1 


Control 

1 

80 

Recovered 

90 1 

1 


Control 


80 

Control 

90 

100 

Recovered 

90 


Control 

i 

300 

Recovered 

90 1 


Control 


100 

Recovered 

90 j 


Control 


100 


90 


Soluble 

Ammonia 

GliUT AM- 
INE 

AMIDE 

Aspara- 

gine 

AMIDE 

Total 

AMIDE 

gm. 

gm. 

gm. 

gm. 

gm. 

12.18 

0.871 

0.841 

0,349 

3.190 

14.49 

1.853 

0.964 

0.414 

1.378 

11.22 

0.627 

0.778 

0.313 

3.091 

33.47 

3.407 

1.041 

0.428 

].469 

12,45 

1.041 

0.900 

0.458 

3. .358 

12.92 

0.708 

1.150 

0.442 

1.592 

13.27 

0.575 

0.824 

0.459 

1.283 

32.72 

0.716 

0.678 

0.475 

1.153 

33.42 

0.975 

' 0.817 

0.655 

3.472 

14.25 

0.819 

1 0.694 

' 0.697 

1.391 

12.33 

0.590 

' 0.607 

' 0.527 

1.134 

11.45 

0.379 

I 0.460 

0.393 

0.853 

32.30 

0.646 

1 0.283 

0.653 

0.936 

12.07 

0 839 

' 0.497 ’ 

0.424 

> 0.921 

33.97 

0.789 

3.435 

0.484 ' 

3.919 

14.88 

0.936 

3.316 

0.518 

1.634 

14.03 

0.612 

1.291 

0,429 

1.720 

10.47 

0.253 

0.420 

0.295 

0.715 

11.59 

0.486 

0.371 

0.306 

0.677 

10.75 

0.218 

0.370 

0.354 

0.724 


Recovered 
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monia nitrogen was much greater at 80 and 100 per cent, than at 20 and 40 
per cent; carbon dioxide. Also, the loss in glutamine-amide nitrogen was 
much greater at 80 and 100 per cent, carbon dioxide than at the lower con- 
centrations. This decrease in glutamine-amide nitrogen does not account 
in full for the observed gain in ammonia. A striking point is the difference 
between the response of the plants to the higher and the lower concentra- 
tions of carbon dioxide in regard to the asparagine-amide nitrogen. At the 
higher concentrations a significant increase in asparagine-amide nitrogen 
occurred in all experiments — 66 per cent, in one instance. In contrast to 
this, there was a decrease in asparagine-amide nitrogen in all experiments 
with the lower concentr^ations and as much as a 22 per cent, decrease in one 
case. In general, there was an increase in soluble nitrogen at 80 and 100 
per cent, carbon dioxide. When the plants, exposed to these concentra- 
tions of carbon dioxide, were placed in a normal atmosphere for 5 hours the 
nitrogen fractions did not revert to the values obtained with the untreated 
plants. 

In certain of the earlier experiments, blades and petioles were analyzed 
together because the plant material available was limited. When these 
data (table V) are compared with those obtained in tables III and IV, in 


TABLE V 

The etpect of 20 per cent, carbon dioxide for two hottrs on certain nitrogen 

FRACTIONS IN THE BLADES AND PETIOLES OF SUGAR BEET LEAVES* 



Nitrogen per 1000 grams of dry tissue 

Soluble 

Ammonia 

Glutamine 

AMIDE 

Asparagine 

AMIDE 

Total 

AMIDE 


gm. 

gm. 

gm. 

gm. 

gm. 

Control 



0.726 

0.751 

0.311 

1.062 

Treated 



0.995 

1.50o 

0.401 

1.907 

Control 

8.80 

0.197 

1.050 

0.294 

1.344 

Treated 

0.70 

0.302 

1.472 

0.368 

1.840 

Control i 

8.51 

0.133 

0.718 

0.073 

0.791 

Treated 

; 9.10 

0.212 

0.978 

0.120 

1.090 

Control 

1 10.10 

0.194 

0.522 

0.380 

0.902 

Treated 

10.90 

0.334 

0.580 

0.421 

1.001 

Control 

6.41 

0.270 

0.393 

0.213 

0.606 

Treated 

6.80 

0.395 

. 0.512 

0.247 

0.759 


« The plants used in these experiments were grown in greenhouse soil without the 
applications of animonium sulphate. 


which only the blades made up the samplii, it is strongly indicated that the 
glutamine and asparagine-amide nitrogen changes may be greatly influ- 
enced by the composition of the different parts of the leaf. For example. 
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when the blades only made up the sample (table III) there was a decrease 
in glutamine and asparagine-amide nitrogen in ail experiments. When 
the sample contained both blades and petioles (as in table V) striking in- 
creases in glutamine and asparagine-amide nitrogen were obtained in every 
case. Similar increases in asparagine-amide nitrogen were noted (when 
blades only comprised the sample) only at 80 and 100 per cent, carbon 
dioxide (table IV). 

In view of this evidence, experiments were conducted to determine the 
relative amounts of glutamine and asparagine present in the blades and 
petioles, and at the same time to observe the changes in these nitrogen frac- 
tions occurring simultaneously in the two parts of the leaf under the influ- 

TABIiE VI 

The efeect or 20 per cent, carbon dioxide for two hours on certain nitrogen 

iTlACTIONS IN THE BLADES AND PETIOLES, ANALYZED SEPARATELY 
AND COMBINED* 



Nitrogen per 1000 grams of dry tissue 

Soluble 

Ammonia 

Glutam- 

ine 

amide 

Aspara- 

gine 

AMIDE 

Total 

AMIDE 


gm. 

gm. 

gm. 

gm. 

gm. 

Blades, Control 

13,98 

0.537 

0.952 

0.591 

1.543 

Petioles, Control 

13.00 

1.212 

3.868 

0.170 

4.038 

Blades, Treated 

14,54 

0.759 

0.777 

0.566 

1.343 

Petioles, Treated 

15.22 

1.395 

3.787 

0.638 

4.425 

Blades and Petioles, Control! 

13,52 

0.858 

2.337 

0.398 

2.735 

Blades and Petioles, Treated! 

14.97 

1.059 

2.260 

0.600 

2.860 

Blades, Control 

11.32 

0.376 

0.508 

0.458 

0.966 

I’etioles, (^ontrol 

9,83 

0.800 

2.915 

0.535 

3.450 

Blades, Treated 

10,87 

0.432 

0.459 

0.391 

0.850 

Petioles, Treated 

9.58 

0.956 

2.619 

0.599 

3.218 

Blades and Petioles, Control t 

10.27 

0.609 

1.453 

0.466 

1.919 

Blades and Petioles, Treated! 

10,2() 

0.730 

1.332 

0.554 

1.886 

Blades, Control 

9,74 

0.352 

0.526 

0.558 

1.084 

Petioles, (\)ntrol 

10.24 

0.767 

2.753 

0.565 

3.318 

Blades, Treated 

10.95 

0.500 

0.484 



Petioles, Treated 

9,94 

1.062 

2.391 



Blades and Petioles, Control^ 

10.97 

0.487 

1.710 

0.633 

2.343 

Blades and Petioles, Treated^ 

10.27 

0.672 

1.402 



Blades and Petioles, Control $ 

8.30 

0.359 

1.549 

0.442 

1.991 

Blades and Petioles, Treated^ 

8,34 

0.759 

1.158 

0.478 

1.636 

Blades and Petioles, Control} 

10,39 

1.376 

2.482 

0.518 

3.000 

Blades and Petioles, Treated} 

11.63 

1.918 

1.640 

0.634 

2.274 


* Plants heavily fertilized. 

t Calculated and corrected to the exact dry weight ratio from the values for the above, 
t Determined from a mixture of equal amounts of blades and petioles ; values then 
corrected to the exact dry weight ratio of blades to petioles. 

§ Determined from 100 grams of ground blades and petioles. 
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ence of 20 per cent, carbon dioxide. The blades and petioles were separated 
after a 2-hour treatment and analyzed separately. The results obtained are 
shown in table VI. From these data it is evident that the glutamine and 
the asparagine content in the blades and petioles is vastly different. Cal- 
culations also show that 80, 85, and 84 per cent., respectively, of the total 
glutamine-amide nitrogen in the blades and petioles are found in the 
petioles. 

The nit]rogen changes at 20 per cent, carbon dioxide in the blades, in 
these experiments, also confirm those shown in table III. 

The difference between the results given in table V and those in table 
VI corresponds to the difference in nutritional levels between the two Jots 
of plants involved. When whole leaves of the unfertilized beets were treated 
with 20 per cent, carbon dioxide and then analyzed, a striking increase in 
glutamine-amide nitrogen over the amount in the untreated leaves was 
found (table V). Conversely, when whole leaves of the heavily fertilized 
beets were similarly treated and analyzed a decrease in the glutamine- 
amide nitrogen from that in the controls was noted (table VI). Further 
study of the two tables reveals that in the unfertilized plants the untreated 
leaves contained only about one-third as much glutamine-amide nitrogen as 
did the untreated leaves of the fertilized plants; also that with leaves low in 
glutamine-amide nitrogen the amount of it was strikingly increased by the 
carbon dioxide treatment, whereas with leaves high in this constituent the 
amount was decreased by the carbon dioxide. 

Discussion 

The reactions occurring in beet-leaf extracts on standing appear to be 
similar to those produced in the blades by the higher concentrations of car- 
bon dioxide. There appear to be at least two hydrolytic reactions occurring 
in beet plant extracts (when allowed to stand) and in the cell sap of beet 
leaves when the leaves are exposed to high concentrations of carbon dioxide. 
The first reaction, which may be responsible for the observed increase in 
ammonia nitrogen, appears to be mainly the hydrolysis of glutamine. There 
is evidence that asparagine may also be slowly hydrolyzed to yield ammonia 
in blade extracts when allowed to stand for a period of 24 hours. A con- 
sistent decrease in asparagine-amide nitrogen was noted when blades were 
subjected to 20 and 40 per cent, carbon dioxide. That asparagine is slowly 
hydrolyzed to yield ammonia is further supported by the fact that the de- 
crease in glutamine-amide nitrogen does not fully account for the gain in 
ammonia. 

The hydrolysis of glutamine and the siAall amount of ammonia that may 
come from the slow breakdown of asparagine does not account for all the 
increase in ammonia nitrogen when the plants are exposed to concentra- 
tions of carbon dioxide greater than 40 per cent. 
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The second hydrolytic reaction apparently involves substances more 
complex than amides. These substances, probably peptides (or other simi- 
lar substances) are hydrolyzed to yield nitrogen which is determined as 
asparagine-amide and glutamine-amide nitrogen. This reaction may yield 
sufiBcient ammonia to account for the excess ammonia not coming from the 
breakdown of glutamine and asparagine. If the substance is a peptide and 
contains only asparagine, then the ammonia not accounted for by the loss 
in glutamine would come from the hydrolysis of asparagine. The rate of 
hydrolysis of asparagine would, however, be much slower than that of the 
peptide to account for the net increase in asparagine. If, however, the 
peptide contains both glutamine and asparagine, then the glutamine pres- 
ent must be hydrolyzed to form glutamic acid and ammonia faster than the 
peptide is broken down to yield glutamine to account for the net decrease 
in glutamine-amide nitrogen. This would account for all the ammonia and 
the increase in asparagine-amide nitrogen. 

The distribution and amount of certain nitrogen fractions in normal 
blades and petioles may help to explain certain changes effected in the 
beets when treated with carbon dioxide. The asparagine-amide nitrogen 
appears to be nearly evenly distributed between the blades and petioles. 
On the other hand the glutamine-amide nitrogen and other nitrogen con- 
stituents (probably peptides) which yield glutamine-amide nitrogen on 
carbon dioxide treatment are more abundant in the petiole. In the case 
where an increase in glutamine-amide nitrogen was observed (unfertilized 
blades and petioles treated with 20 per cent, carbon dioxide, table V), the 
breakdown of the peptide to form glutamine was faster than the hydrolysis 
of glutamine-amide nitrogen to ammonia. 

It appears that the chemical changes occurring in plants treated with 
carbon dioxide may be influenced by the nitrogen nutritional levels at 
which the plants were maintained. In all cases where the plants were 
heavily fertilized, a decrease in glutamine-amide nitrogen was noted on 
carbon dioxide treatment. However, in those experiments (table V) in 
which the plants had not been fertilized, an increase in glutamine-amide 
nitrogen was obtained. The experiments indicate that under conditions of 
low nitrogen fertilization the glutamine may be stored in the plants as 
soluble peptides and that upon carbon dioxide treatment these peptides 
may be rapidly hydrolyzed, which would result in the observed increase in 
glutamine-amide nitrogen. 

There is evidence (3) to show that even 100 per cent, carbon dioxide for 
such short periods as 90 minutes apparently did not seriously affect the 
normal respiratory processes of the plants. Those tests showed that the 
expressed cell sap of plants exposed to this concentration of carbon dioxide 
for one hour increased in pH as did the sap of plants exposed to only 20 
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per cent. However, when they were exposed for 4 or 5 hours to 100 per 
cent, carbon dioxide the pH of the cell sap decreased. This indicates that 
with long periods in an atmosphere of carbon dioxide the oxygen tension 
within cells may be lowered to a point where anaerobic processes are initi- 
ated, Smith (9) studied the absorption of carbon dioxide of unilluminated 
leaves and found that the absorption by living leaves was very rapid, ten 
minutes being suflScient for complete saturation. Practically all of the 
carbon dioxide was absorbed by the water in the leaves. The water in the 
leaves was found to absorb carbon dioxide in proportion to the amount of 
water present and in proportion to the partial pressure of the carbon dioxide. 
It is generally known that the intensity of respiration in many plants is not 
markedly changed when the oxygen supply is reduced to one-half that in 
air. In fact, Stich (10) claims that the absorption of oxygen becomes 
insufficient for most plants when the concentration in air falls below 5 to 8 
per cent. From these considerations it would appear that oxygen concen- 
tration in the intercellular spaces would not be so seriously affected that 
normal respiration could not proceed during the 90 minutes the plants were 
exposed to an atmosphere of carbon dioxide. 

Vickery et al. (11) compared the composition of fresh extracts of leaves 
and stems of tomatoes to tissue dried at temperatures ranging from 70° to 
90° C. These investigators pointed out that the agreement between the 
values (table VI, p. 2717) obtained for the leaf tissue was satisfactory, and 
somewhat less satisfactory for the stem tissue. It appears from their data 
that even during the short drying period there was a tendency for an 
increase in ammonia and asparagine-amide nitrogen and a slight decrease 
in glutamine-amide nitrogen. For example, some of their data show that 
drying the leaf tissue at 80° C. for one hour resulted in an increase of 
approximately 22 per cent, in ammonia, 14 per cent, in asparagine-amide 
nitrogen, and a decrease in glutamine-amide nitrogen of approximately 3 
per cent. It is quite possible that these differences may be significant, for 
these changes are in the same direction as that when beet-leaf extracts were 
allowed to stand for a period of 48 hours at room temperature befoi*e analysis 
as reported in the present paper. 

It has long been a question in the nitrogen metabolism of plants as to 
whether a compound is synthesized in a certain tissue or whether its presence 
is a result of translocation. The fact that the beet leaf rapidly hydrolyzes 
the amide group of glutamine and asparagine while under the influence of 
high concentrations of carbon dioxide and reverses the process when placed 
in a normal atmosphere indicates that the Reaves are capable of synthesizing 
these compounds. Chibnall [(1) p. 205]’ using an inflltration technique 
showed that glutamine is formed in the blades of rye grass by the dehydra- 
tion of ammonium glutaminate, Vickery (13) has demonstrated that the 
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same reaction takes place in the roots of the beet plant. It is possible that 
the formation of jrlutamine and asparag^ine from the ammonium ion and the 
corresponding amino acids is a reaction common to the leaves of many plants. 
This is supported by the fact that ten other species of plants (3) produced 
hydroxyl ions in the presence of high concentrations of carbon dioxide, pre- 
sumably by the hydrolysis of the amide group of glutamine and asparagine. 

It is recognized that the general process of ammonia detoxification in- 
volves the complex process of respiration and the formation of organic acids 
from which the amino acids and finally the amides are formed. In view of 
the rapid rate at which the plant is able to synthesize glutamine and aspara- 
gine from ammonia and the corresponding amino acids and reverse the 
]irocess, it appears that the reactions limiting the rate of ammonia detoxifi- 
cation in the plant may be those involving the synthesis of the organic and 
the amino acids. 

Summary 

1. Asparagine-amide nitrogen and ammonia increased in beet-leaf ex- 
tracts when heated to 80° C., filtered, and allowed to stand, while the 
glutamine-amide nitrogen decreased. 

2. No significant change in the nitrogen fractions occurred when the 
aliquots were allowed to stand for a period of 48 hours, provided the hydro- 
gen ion concentration was increased from pH 5.9 to 4.5. 

3. A large increase in ammonia resulted when the blades of beet leaves 
were exposed to 20 and 40 per cent, carbon dioxide. This increase in 
ammonia could be accounted for by the decrease in asparagine-amide and 
glutamine-amide nitrogen. 

4. When the blades were exposed to 80 and 100 per cent, carbon dioxide 
there w^as a significant increase in soluble nitrogen, a large increase in 
ammonia and asparagine-amide nitrogen and a decrease in glutamine-amide 
nitrogen. 

5. Wh(m whole leaves were treated with 20 per cent, carbon dioxide and 
the petioles only were analyzed, there was an increase in ammonia and 
asparagine-amide nitrogen and a decrease in glutamine-nitrogen. 

6. The asparagine-amide nitrogen appeared to be distributed nearly 
evenly between the petioles and blades, while the glutamine-amide nitrogen 
w’as concentrated in the petioles. 

7. The degree of nitrogen fertilization of beet plants apparently has an 
important bearing on their glutamine and asparagine metabolism while 
under the influence of high concentrations of carbon dioxide. The leaves 
of heavily fertilized plants responded to a 20 per cent, carbon dioxide treat- 
ment by showing a decrease in glutamine-amide nitrogen, while the leaves 
of unfertilized plants responded with an increase in glutamine-amide nitro- 
gen. 
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8. Complex soluble substances (probably peptides) were hydrolyzed in 
the plant, while under the influence of high concentrations of carbon dioxide, 
yielding asparagine-amide nitrogen and under certain conditions glutamine- 
amide nitrogen. 
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SELECTIVE ABSORPTION OF CATIONS BY HIGHER PLANTS 
Runar Collander 
(with three figures) 

Introduction 

For about a hundred years it has been known that plants do not absorb 
the different constituents of a nutrient solution in the same proportions as 
they occur in the solution; some salts or ions are taken up in relatively 
jireater amounts than others. The mechanism of this salt selection exerted 
by the roots is, however, still quite obscure. It seems that one of the first 
steps towards an understanding of this important process should be a careful 
study of its results. A close examination of the proportions in which sev- 
eral kinds of ions are absorbed from nutrient solutions of known composi- 
tion by different plant species should serve as a starting point for attempts 
to elucidate this process. This information, however, is still lacking. We 
have known, until now, very little about the proportions in which different 
ions are absorbed from nutrient solutions, of easily determinable composi- 
tion, which contain the ions to be investigated in equivalent amounts. 

It is the purpose of the present investigation to present such experimental 
data in suitable form to serve as the basis for a discussion of the nature of 
the selective activity of the roots of higher plants. To this end plants of a 
number of species have been cultivated in nutrient solutions containing sev- 
eral cations in equivalent amounts, after which the cation composition of 
the plants Avas determined by the method of quantitative spectral analysis. 
The study Avas thus limited to cations. Since they are less engaged in the 
metabolism of the plants the cations seem, in fact, more suitable for such 
studies than most anions. 

A preliminary account of some results of this hiATstigation has already 
been published (7). 

Materials and methods 

In order to get a satisfactory idea of the range of variation exhibited by 
different types of plants in their cation selectivity it Avas found necessary to 
extend this investigation to some tAATiity plant species among the phanero- 
gams representing different ecological types and se\^eral taxonomical groups. 
The following species Avere studied: Aster Mpolium, Atriplcx horfense, A. 
Utorale, Avena saiim, Chenopodium bonus Henvims, Fagopyrum esculen- 
turn, Helianthus annuus^ Lactuca satha, Melilofus alhns, Nicotiana tabacum, 
Papavcr somniferum, Pisum sativum, Plantago lanceolata, P. maritima, 
Saliconiia hcrbacea, Salsola kali, Sinapis alba, Solatium lycopersicum, Spin- 
acia oleraeea, Vida sativa, and Zea mays. 

mi 
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The plants were mostly cultivated in large enamel vessels, each contain- 
ing 50 liters of nutrient solution. The vessels were covered with loosely 
fitting covers of plywood thoroughly impregnated with paraffin. The covers 
were perforated with numerous holes in which the seedlings were fixed 
with cotton-wool. It was thus possible to cultivate about 10 to 20 species in 
the same vessel under almost exactly identical conditions. The seedlings 
were obtained by germinating seeds in pure silica sand moistened with 
tap water of very low salt content. Analyses of the seedlings showed that 
their salt content, when they were planted in the culture vessel, was neg- 
ligible as compared with the quantities of salt absorbed during their subse- 
quent growth. The plants were cultivated in a greenhouse, the temperature 
of which fluctuated between about 18° and 25° C. The air in this green- 
house was pronouncedly dry ; the transpiration of the plants must have been 
considerable. In most cases the seeds were sown at the end of March and 
the plants harvested about two months later when some of the plants 
(Pisum) were in bloom. Most of the species, moreover, did not develop 
flowers. Culture solutions were artificially aerated only in experiments 
with the solutions IV and V; in these cases the air was forced through 
filters of sintered glass. A distinct effect of the aeration on the development 
of the plants could not be detected. 

As far as possible the culture solutions contained the cations to be com- 
pared in equivalent amounts and also those other ions necessary for the 
normal development of the plants. The solutions were prepared with glass- 
distilled water; only for solution I was tap water used. In the following 
list the salt concentrations are indicated as milligram equivalents per liter 
of solution. 

Solution I: 4 NaNO^ f 4 KH2PO4 f 4 Mg804 1 4 CslCU (+ about 0.001 Sr 
as impurity). 

Solution II: 2 NaN03 + 2 KH2PO4 f 2 RbCl + 2 MgS04^ 2 Ca(NO02 ‘ 
0.01 LiCl + 0.01 MnCU + an unknown amount of Sr.^ 

Solution III : 4 KH2PO4 4 4 MgS04 f 4 Ca (NO 0 2 ‘ 0.01 LiCl ^ 0.01 NaCl 
+ 0.01 SrCL + O.OlMnCL. 

Solution IV : 2 KNOs ^ 2 KII2PO4 4 0.4 LiCl ^ 0.4 NaCl f 0.4 MgS04 + 0.4 
CaCL. 

Solution V: 2 NaNOs + 2 KH2PO4 f 0.2 MgS04 f 0.2 CaCL 4 0.2 SrCL *i 
0.1 RbCl + O.lCsCl. 

Solution VI: 2 KH2P04^ 2Ca (N03)2 ‘ 2 MgS04 + 0.05 NaCl 1 0.05 SrCL 
+ 0.05 MnCl2 + 0.05 CUSO4. 

^ In preparing solution II, 0.0005 milligram equivalents SrCla per liter of solution was 
intentionally added; the Ca sAlt used probably contained some 8r, thus the final Sr con- 
eentration of the solution is not known with certainty. A spectrographic determination of 
it was regrettably neglected. 
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To each solution was added some ferro-ammonium sulphate or ferro- 
tartrate and also a little of the salt solution of Hoagland, as quoted 

by SciiROPp and Schaerer (20). The solutions were changed only once 
during the course of each experiment ; distilled water was added when nec- 
essary and also some iron salt. At the end of most experiments the nutrient 
solutions were analyzed spectroscopically and also samples of the initial 
solution. A marked decrease of the concentrations of the cations most 
strongly absorbed (K, lib, Mg, Ca, Sr) was sometimes observed. It is 
doubtful, however, if this factor greatly influenced the results obtained. At 
any rate, it must have affected all of the plants in a similar fashion, and it 
would only tend to diminish somewhat the observed difference between the 
abundantly and scantily absorbed cations. 

Solution I was used in order to compare, in a preliminary way, the ab- 
sorption of Na, K, Mg, and Ca ; solution IT for comparisons of Na, K, Rb, 
Mg, and Ca ; solution III served to compare, on the one hand, K, Mg, and Ca 
with each other and, on the other, Na, Sr, and Mn. The amounts of Li taken 
up from this and also from the other solutions referred to were too small for 
reliable determination. Solution IV was used for comparisons between Li, 
Na, Mg, and Ca. The main purpose of solution V was to compare the ac- 
cumulation of Cs with that of Rb, and of Sr with that of Ca, though the 
same solution makes possible also comparisons between Na and K, or Mg and 
Ca. Solution VI served only to compare the absorption of Cu with that of 
Sr and Mn. Besides the solutions mentioned above, some other culture 
solutions were used for special jnirposes. 

An investigation of this type is made possible only by the use of quick 
analytical methods by which the amounts of several cations absorbed by the 
experimental i)lants may be determined quantitatively within a reasonable 
time. In this respect the methods of quantitative spectral analysis are 
clearly superior to the methods of ordinary chemical analysis. In this in- 
vestigation only the technique of flame spectrography developed by Lunde- 
GARDH (16) was used. It permitted the determinatioiL without diflSculty, of 
ten different cations : Li, Na, K, Rb, Cs, Mg, Ca, Sr, Mn, and Cu. 

When harvested, the plants were first weighed and then dried at about 
105° C. and weighed again. They wrere then ashed with concentrated nitric 
acid and perhydrol in small Kjeldahl flasks (capacity 50 ml.) of Jena 
glassware or quartz. (Control experiments showed that the amounts of Na, 
K, Ca, etc., given off by the glass of the Kjeldahl flasks are practically neg- 
ligible.) The resulting acid ash solution was diluted with distilled water in 
a volumetric flask of 10- or 25-ml, capacity after which the insoluble SiOa 
was filtered off. The filtered solutions were stored in small flasks of Jena 
glassware until used for spectroscopic analysis. 

The magnitude of the analytical errors depends on several factors, which 
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in our determinations were not always constant. The accuracy of the analyses 
therefore, cannot be generally stated by exact figures. It is, however, 
possible to get an approximate idea of the joint effect of the analytical errors 
and of the individual variability of the plants by comparing the analyti- 
cal results from several specimens of the same plant species simultaneously 
cultivated in the same solution. Two such cases are reported in tables I 
and II. From them it is clear that a high degree of accuracy cannot be 

TABLE I 

Analyses or poue specimens (A, B, C, I)) or Nicotiana cultivated in solution IV. 

Milligram equivalents per kilogram op dried plant substance 


Specimen 

Li 

Na 

1 

K 

Mg 

I 

Ca 

Mn 

A 

101 

20 


475 

800 


B 

95 

20 

1700 

510 

605 

5.0 

C 

109 

34 

1960 

590 

660 

5.2 

D 

100 

27 

J800 

530 

635 

6.1 

Mean 

101 

25 

1820 

540 

700 

5.4 


TABLE II 

Analyses op pour specimens (A, B, 0, D) op Sinapis cultivated in solution V. Milli- 
gram equivalents per kilogram op dried plant substance 


Specimen 

Na 

K 

Kb 

Cs 

Mg 

Ca 

Sr 

A 

430 

1700 

77 

92 

500 

' 540 

^ 340 

B 

590 

1420 

88 

91 

440 

640 

540 

C 

850 

1340 

77 

86 

610 

700 

505 

I) 

590 

1560 

91 

96 

560 

660 

550 

Moan 

615 

1510 

83 

91 

520 

640 

480 


claimed. All conclusions from the analytical data obtained must thus be 
drawn with due allowance for the variability of the plant material as well 
as considerable analytical errors. Nevertheless, as will be seen from the 
following sections, several distinct rules concerning cation absorption by the 
plants studied can certainly be established. 

In many cases the roots of the plants grown in the same culture vessel 
were found to be so interwoven with each other that it would have been very 
difficult to disentangle them. In such cases one had to analyze the plants 
without roots. It may thus be questioned whether the data obtained in this 
manner are at all representative of the total cation content of the plant and 
hence of its cation selectivity. In order to answer this (juestion some 
analyses of detached roots and shoots were made. These showed, in agree- 
ment with the corresponding results of BteSTEOM (6), that: the equivalent 
percentages of K, Rb, and Cs were roughly the same in the roots as in the 
shoots ; that the percentages of Li, Ca, and Sr were lower in the roots than 
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in the shoots ; and finally that the percentages of Mg, and especially those 
of Na, Mn, and Cu, were higher in the roots than in the shoots. Of the total 
cation content of the plant on the average only about ^ was found in the 
roots. Prom a closer examination of these data, which are not given here in 
detail, one may infer that analyses of the shoots alone give a rather satis- 
factory picture of the cation content of the entire plants except that the Na 
content is perhaps sometimes found to be slightly too small and that the 
Mn and Cu contents may possibly be far too small. It seems possible, how- 
ever, that the major part of the last two mentioned cations has been in some 
way precipitated on the root surface or in the cell walls of the roots without 
being truly absorbed by the living parts of the plant. ^ 

The culture experiments with solution I were performed in 1935 ; with 
solution II, partly in 1936 and partly in 1938 ; with solutions III, IV, and V 
in 1937. Temperature, light, and other conditions were uncontrolled and, 
therefore, different in the different years. 

Analytical results 

The main body of analytical data is presented in tables III to VII, Some 
of the figures given represent the average of 2 to 4 samples analyzed. 

The analytical results were originally calculated so as to indicate the 
cation content in milligram equivalents per kilogram dry weight of plant 
material. The figures calculated in this way are, of course, influenced by 
the varying accumulation of starch, cellulose, and other organic substances 
in the plant. In order to avoid this, most analytical data are here given in 
another form : the sum of equivalents of all cations found in one kilogram 
dry weight was calculated and the amount of each cation expressed as per- 
centage of this sum. In tables III to V, VII, and VIII all values for cations 
are expressed in this way. In tables VI and X this was not possible and the 
cation contents in these tables are therefore given as milligram equivalents 
per kilogram dry weight. In all tables under the head “total” the sum of 
the milligram equivalents found in one kilogram dry plant material is given. 
In each series the values for two plants with maximum cation content are 
printed with heavy faced type and those for two plants with minimum cation 
content are in italics. 

Specific differences concerning the cation selection 

The magnitude and specific character of the differences 

An inspection of tables III to VII reveals that the different species vary 
in their capacity for selective accumulation of cations; but it is also seen 
that the amplitude of the specific variations is very different in regard to 
the different cations. 

The greatest variations were met in the case of sodium. Thus, of the 
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plants cultivated in solution I (table III) the one richest in Na had a rela- 
tive Na content (percentage of total cations) 32 times greater than that of 
the plant poorest in Na. With solution II (table IV) an even greater differ- 
ence was encountered. The maximum Na percentage was 56 times greater 
than the minimum one. The corresponding ratios Namax. : Namin. were in the 
case of the plants cultivated in solution III, 29 (table V) ; solution IV, 86 
(table VI) j and solution V, 19 (table VII). It is easy to convince oneself 

TABLE III 

Analyses of entire plants cultivated in solution I 


J 

Species 


Equivalent percentages t 


Na 

K 

Mo 

Ca 

8e 

Total t 

Atriplex hortemse 

19.7$ 


31 

10 

0,0037 

4780 

A, liiorale 

10.7 

56 

23 

10 

0.0058 

4340 

Avena 

3.7 

73 

14 

H 

0.0037 

2040 

Fagopyrum 

0,9 

39 

27 

33 

0.0107 

3230 

Helianthus 

2,S 

54 

17 

27 

0.0083 

3020 

Nieotiana 

4.0 

51 

24 

21 

! 0.0056 

4440 

Pisum 

6.0 1 

1 62 

t'J 

20 

1 0.0080 

f2140 

Plantago lanccolata* 

12.2 

45 

18 

24 

1 O.OIOI 

3690 

P. maritima* 

28.5 

39 

11 

21 


4370 

Solanum - 

4.1 

44 

25 

27 

! 0.0104 

4290 

Spinacia 

4.5 

52 

31 

13 

0.0061 

6520 

Vicia 

10.6 

44 

19 

26 

0.0105 

2470 

Zoa 

2.9 

70 

16 

11 

0.0052 

2420 

Culture solution 

25.0 

25 

25 

25 

0.0062 



* Both species of Plantago were cultivated in pure silica sand irrigated with solution I. 
Tops were used for analyses. 

t The sum of equivalents of all cations found in one kilogram dry weight was calcu- 
lated and the amount of each cation expressed as percentage of this sum. 

t In all tables under the head ** Total'' the sum of the milligram-equivalents found 
in one kilogram dry plant material is given. 

$ In each series, the values for two plants with maximum cation content are printed 
with heavy faced type and those for two plants with minimum cation content are printed 
in italics. 

of the truly specific character of these variations. In spite of tlie fact that 
the culture experiment analyses were performed in different years, we see 
that certain plant species {Atriplex hortensc, A. morale^ Plantaifo maritima, 
Salicornia, Sinapis) are invariably characterized by a high Na content; 
certain other species (Pagopyrum, Zea, Heliantlius) are as constantly dis- 
tinguished by a remarkably low Na content. These specific differences in 
the absorption of Na remain essentially unaltered irrespective of the fact 
that the Na content of the culture solution was in some experiments rather 
high (25 per cent, of the sum of all cation equivalents in solution I) and in 
others very low (only 0.08 per cent, for solution III). 

Towards the other alkali cations the different species behave much more 
uniformly. Thus, the highest relative potassium content of the plants 
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TABLE IV 

Analyses op plants (without roots) cultivated in solution II 


Equivalent percentage 


Species 



Na 

K 

Rb 

Mg 

Ca 

Sr 

Mn 

Total 

Aster 

5.2 

27 

30 

14 

23 


0.22 

3060 

Airiplcx hortcnse 

27.9 

12 

14 

32 

35 

0.014 

0.36 

4900 

J, Utorale 

10.3 

11 

20 

31 

28 

0.018 

0.36 

5160 

Avena 

4.7 

25 

41 

15 

14 

0.013 

0.44 

2620 

Chenopodium 

0.9 

23 

27 

28 

21 

0.016 

0.18 

4390 

Fagopyrum 

0.5 

19 

38 

39 

23 

0.019 

0.53 

3320 

Helianthus 

0.7 

24 

29 

21 

25 

0.021 

0.39 

3770 

Lactuca 

5.7 

24 

34 

18 

22 

0.015 

1.19 

3620 

Melilotus 

8.4 

22 

25 

19 

25 


0.22 

2270 

Nicotiana 

3.5 

28 

28 

22 

19 

0.024 

0.07 

3550 

Pa paver 

5.4 

25 

37 

18 

36 

0.014 

0.15 

2970 

Pisum 

1.4 

23 

27 

18 

32 

0.024 

0.49 

2360 

riantago lanceolata 

t).9 

22 

; 30 

19 

22 

0.025 

0.12 

3460 

P. marilima 

16.3 

12 

• 

23 

37 

0.030 

0.23 

3130 

Salicornia 

12.5 

, It 

1 IS 

50 

14 

0.016 

0.04 

8230 

Salsola 

1.3 

16 


40 

27 


0.18 

3540 

Sinapis 

10,9 

1 

1 26 

18 

30 

0.035 

0.26 

3650 

Solanum 

3.5 

15 

i 22 

25 

33 

0.022 

0.51 

3360 

Rpinaeia 

4.6 

23 

1 24 

33 

15 

0.036 

0.41 

4860 

Vicia 

8.6 

22 

28 

16 

25 

0.021 

0.57 

1 2060 

Zea 

0.7 

31 

' 28 

29 

IS 


0.29 

! mo 

Culture solution . 

20 

20 

1 20 

20 

20 

■■ ? ■■ 

0.10 

1 


cMiltivated m solution I was only 1.9 times greater than the lowest one. 
Ill tlie plants cultivated in the other solutions the corresponding ratios 
(K,„ax. : were, respectively, 2.8 (solution Tl), 2.3 (solution III), and 

1.8 (solution V), i.c., always of a quite different order of magnitude than 
ill the case of Na. It could now perliaps be supposed that the relative con- 
staii(*y of the K content would be connected in some way with the fact that 


TABLE V 

Analyses of plants (without roots) cultivated in solution III 





Equivalent percentage 



Species 

Na 

K 

Mo 

Ca 

Sr , 

Mn 

Total 

Atriplvx horteme ... 

2.31 

47 

32 

38 

0.054 

0.37 

4450 

Avena 

0.32 

75 

16 

.S’ 

0.025 

0.58 

2320 

Pagoiiyrum 

Heliantlius 

0.08 

82 

42 

24 

0.073 

0.46 

3480 

0.09 

45 

25 

29 

0.083 

0.68 

4070 

Lactuca 

0.38 

69 

IS 

36 

0.040 

0.89 

2820 

Pisum 

1 0.25 

55 

13 

31 

0.054 

1.62 

1540 

Plantago marifima 

, 0.66 

35 

24 

39 

0.103 

! ojo 

3690 

Solanum 

' 0.21 

45 

26 

29 

0.070 

0.11 

4010 

Spinacia 

0.14 

55 

32 

IS 

0.026 

0.37 

5090 

Vicia 


61 

IS 

25 

0.052 

0.33 

2120 

Culture solution 

0.08 

33 

33 

33 

0.08 

0.08 
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TABLE VI 

Analyses of plants (without roots) ctjltivateo in solution IV. Milligram equiva- 
lents PER KILOGRAM OP DRY WEIGHT 


Spkcies 

Li 

Na 

Mg 

Ca 

A triplex hortense 

103 

476 

>475 

398 

Avena 

55 

20 

280 

170 

Fagopyrum 

49 

16 

>500 

560 

Helianthus 

108 

17 

>475 

800 

Melilotus 

75 

21 

450 

625 

Nicotiana 

101 

25 

540 

700 

Pisum 

50 

29 

250 

245 

Salsola 

66 

78 


460 

Binapis 

300 

140 

>475 

>876 

Vicia 

79 

83 

315 

365 

Zea 

SO 

1 6.5 

430 

ISO 


TABLE VII 

Analyses op plants (without roots) cultivated in solution V 


Species 


Na 

K 

Atriplex hortense 

24.1 

37 

Avena 

3.4 

61 

Fagopyrum 

0,4 

37 

Helianthus 

1.6 

49 

Melilotus 

3.1 

47 

Nicotiana 

4.2 

53 

Pisum 

1.9 

56 

Salsola 

3.5 

49 

Sinapis 

35.6 

38 

Vicia 

28.6 

33 

Zea 

1,3 

67 

Culture solution 

42 

42 


Equivalent percentage 


Rb 

Cs 

Mg 

Ca 

Sr 

Total 

1,6 

1,0 

27 

6,7 

3,9 

6970 

3.3 

1.7 

14 

10.9 

5.4 

2760 

1,6 

1,0 

24 

21.2 

13.7 

4660 

2.5 

1.5 ; 

20 

14.8 

10.5 

3140 

2.1 

2.0 1 

1 13 \ 

19.2 

13.3 

4050 

2.1 

2.0 

; 17 ! 

10.5 

10.3 i 

4280 

3.3 

2.6 1 

13 

32.6 

11.4 

1660 

2.4 

2.3 

21 

32.7 

8.7 

6760 

2.1 

2.3 

i 13 

15.7 1 

12.2 

3940 

2.3 

2.2 

! 17 

8.6 

7.3 

2200 

3.1 

2.1 

i 

6,4 

6.0 

2020 

2.1 

2.1 

1 

4.2 

4.2 



TABLE VIII 

Analyses op plants (without roots) cultivated in soil 


Species 



Equivalent percentage 


Na 


Mg 

Ca 

Sr 

Total 

Atriplex 

28.0 

35 

24 

13 

0.019 

3300 

Helianthus 

0.1 

65 

10 . 

26 i 

0.029 

2930 

Nicotiana 

0.1 

46 

10 

43 

0.047 

3030 

Pisum 

0.4 

37 

11 

53 

0.057 

3730 


K is an element essential for plant growth prhile Na is unessential. But that 
such an assumption would not be correct is shown by the fact that the ele- 
ments Rb and Cs, though as unessential as Na, nevertheless show about the 
same range in this respect as does K. Thus, the ratio Rbmax, : Rbmin. was, for 
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the plants cultivated in solution II, 3.4, and in solution V, 2.1; whereas the 
ratio Csmax : Csmin was found to be 2.5 in the case of the plants from solution 
V, which was the only solution containing this element. In spite of the fact 
that the differences in percentages of total base present as K, Rb, and Cs are 
relatively small it seems rather obvious that they are not merely due to 
analytical errors or accident ; an inspection of the analytical data shows that 
there are some species (Avena, Helianthus, Pisum,* Spinacia, and Zea) 
which were always relatively rich in K, Rb, and Cs, while certain other spe- 
cies (Atriplex hortense, Plantago mariiima, and Fagopyrum) were always 
found to be relatively poor in these elements. Such differences may there- 
fore be designated as specific, at least for the most part. 

In view of the old experience that there are certain “lithium plants 
characterized by their great capacity to accumulate this element, one would 
perhaps expect a very large amplitude of variation in the absorption of this 
element, especially since the collection of plant species cultivated by us 
includes such a notorious lithium plant as Nicotiana. According to our 
experimental results, however, the variation of Li content is not excessive ; 
the maximum relative Li content is only 3.6 times greater than the minimum. 
It should, however, be noted that we have not had opportunity to observe 
the most extreme cases of Li accumulation; according to Tsctiermak (quoted 
by VON Linstow) there are plants (Cirsium) which accumulate Li to a dis- 
tinctly greater degree than does Nicotiana. 

The magnesium, calcium, and strontium contents also show a variability 
of moderate amplitude. Thus, tlie ratio Mgmax : Mgmin was in the case of 
the plants cultivated in solution I, 2.8; in solution II, 3.8; in solution III, 
3.2 ; and in solution Y, 2.2. Though the Mg determinations, due to technical 
difficulties, were in general less accurate than perhaps any others, it is clear 
that these differences are, to a considerable extent, specific in their nature. 
Thus all Chenopodiaceau plants (Atriplex, S])inacia, Salicornia, Salsola) 
and also Fagopyrum were always rich in this element; Pisum, Vicia, and 
Avena were, on the other hand, relatively poor in it. 

The ratio Ca^ax *• Ca,„„i was respectively, 4.1 (plants cultivated in solu- 
tion I) ; 2.8 (solution II) ; 4.9 (solution III) ; 6.7 (solution IV) ; and 3.7 
(solution V). The variations of relative Sr content were of about the same 
magnitude. The ratio Sr,nax : Srmin was 2.9 in the plants of solution I; 2.7 
in those of solution II; 4.0 in those of solution III; and 3.5 in the plants of 
solution V. The specific character of these differences is rather obvious. 
Avena, Zea, and Spinacia are constantly low in both Ca and Sr ; Fagopyrum, 
Plantago maritima, Helianthus, and Sinapis absorb these elements relatively 
copiously. 

2 The total cation content of Piaum (per imit of dry matter) was always rather low. 
Its absolute K content is, therefore, not very high (7, dg. 1 ) even when the relative per* 
eentage of K is considerable. 
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It is thus evident that among the alkali and earth alkali cations Na is 
the cation which responds most to specific variations in the plants. This has, 
in fact, been observed already by van Itallie (13). In the cell sap of dif- 
ferent species of Characeae, Na was also found to show a wider amplitude 
of specific variation than the other cations studied (6) . It is not at all clear, 
however, why even Na should behave in such a peculiar fashion. 

The manganese content of the plants also exhibits a high degree of 
variation. Thus the ratio Mn„iax. •* Mn^in amounts to 30 for plants culti- 
vated in solution II and to 15 for plants in solution III ; but contrary to all 
the elements so far discussed, the Mn content varies rather irregularly. The 
cause of these irregularities are not known with certainty. It seems con- 
ceivable, however, that it may be found in an occasional precipitation of 
some slightly soluble Mn compounds. It should also be noted that, due to 
the exceptionally high Mu content of many roots, the Mn absorption of the 
plants shows a very different aspect depending on whether the whole plant 
or only its aerial parts are analyzed. 

The total sum of cation equivalents per unit of dry matter is also a dis- 
tinctly specific character. Thus, for example, Atriplex, Salicornia, and 
Spinacia are invariably distinguished by an unusually great total of cation 
equivalents ; Avena, Pisum, Vicia, and Zea, on the contrary, by a relatively 
small total. Since the first named plants are relatively high in water, how- 
ever, their cation concentrations would appear lower if the fresh weight or 
the water content of the plants was chosen as a basis for the calculation 
instead of their dry matter. 

The specific cation selection as correlated with the ecologic’al 

AND TAXONOMICAL CHARACTER OF THE PLANT 

As already mentioned, Salicornia htrbacca, Planiago mariiima, Atriplex 
hortense, and A. litorale are among the species found to absorb the greatest 
amount of Na. This indicates that there exists a positive correlation be- 
tween a strong absorption capacity for Na (or perhaps more correctly stated : 
a want of exclusion power against Na) on the one hand, and the halophytic 
character of the plant on the other. (A, hortense, though now a garden 
plant, was probably originally a halophyte). This rule is, however, not free 
from exceptions. Aster tripolium, though a typical halophyte, showed in 
our experiments a lower Na content than many non-halophytic plants; e.g., 
Sinapis alba, and Vicia sativa.’^ On the other hand, the low Na content of 
Salsola kali apparently makes an exception ; the variety of Salsola cultivated 

by us turned out to be not the one which occurs on seashores but var. tenni- 

% 

8 It should, however, he mentioned that Aster has been until now cultivated only once, 
in an experimental work; its cation selection has not been as thoroughly studied as that 
of most other species. 
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folia which is known to occur on landing places and rubbish heaps. It is 
thus no true halophyte. 

It has been known for a long time that halophytes when growing on their 
natural saline substrates contain much more Na and Cl than do glyeophytes 
growing on their natural non-saline substrates. Tii more recent years it has 
also been shown that halophytes absorb more Cl even from iion-saliiie soils 
than do glyeophytes from the same soil (23). As far as the present writer 
is aware, however, it has not been definitely established until now (22) that 
halophytes, when several alkali cations are e(|ually available, nevertheless 
absorb relatively much more Na than do glyeophytes under the same con- 
ditions. Probably this specific lack of power to exclude Na ions is a charac- 
ter which in some way enables the halophytes to thrive on saline substrates 
not suited to requirements of the glyeophytes. The relations between salt 
selection and halophytie character is the subject of other investigations in 
this laboratory and the question will not now be discussed. 

The data obtained in the present investigation are too in(;om])lcte to give 
a reliable picture of the correlation existing between the taxonomic position 
of a given plant species and the peculiarities of its cation selection. Only 
a few suggestions connected with this matter can be pointed out here. 

Perhaps the most striking observation of this kind is the remarkably high 
Mg content found in all Ohenopodiacean ])lants analyzed, viz., Afriplex 
hortense, A, liiorale, C^henopodium, Salicornia, Salsola, and Spinacia. On 
the other hand the high Na content which is characteristic of the Cheno- 
podiaeeans ( 4 ) Avas lacking in the non-halophytic members of this family. 

Further, it could be pointed out that both of the Graminae analyzed 
(Avena and Zea) are characterized by their low (^a and Sr content, a feature 
already known ( 4 ). Also, the three Leguminosae studied (Melilotus, Pisum, 
and Vicia) show a general resemblance in their cation absorption although 
the absence of marked jieculiarities makes it difficult to state this resemblance 
more positively. Finally, the two species of Atriplex show an obAuous simi- 
larity in their cation selection. On the other hand the tAvo species of 
Plautago studied could — in spite of some character common to both of 
them — easily be distinguished on account of their different selection alone. 

VaLIPITY of THE ABOA^E MENTIONED RULES UNDER OTHER GROWTH 

CONDITIONS 

It has already been pointed out that in spite of the fact that culture 
experiments were performed during the course of several years and that the 
external conditions (temperature, etc.) were not constant, the specific dif- 
ferences in cation selection were essentially constant. Nevertheless, it seemed 
questionable if these specific characters would persist when the growth con- 
ditions were more profoundly changed; e.g., Avhen the plants were grown 
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not in water culture, as in the experiments so far reported, but in ordinary 
soil. To test this question, four plant species (Atriplex hortense, Heli- 
anthus, Nicotiana, and Pisum) were cultivated in a pot filled with ordinary 
garden soil and watered with tap water. The results of the analyses are 
given in table VIII. It is easily seen that the four plant species, also when 
cultivated in soil, have maintained most of those cation selection peculiari- 
ties which we already know from the water culture experiments : 

1. The Na content exhibits a much greater degree of variability than 

that of any other cation studied. 

2. Atriplex is by far the richest in Na of the four species studied. 

The dilference in this respect between Atriplex and the three 
other species is even markedly greater for plants cultivated in 
soil than for those grown in water culture. Atriplex contained 
about 200 to 300 times more Na than Helianthus and Nicotiana 
whereas corresponding difference in the water culture experi- 
ments was generally almost ten times smaller. 

3. Among the four plants studied, Atriplex had the smallest per- 

centage of K. 

4. Atriplex had by far the highest Mg percentage. 

5. Atriplex had distinctly the lowest Ca and Sr percentages. 

6. The Ca and Sr contents of the four plants varied in a strictly parallel 

manner. 

7. Atriplex had the highest, and Pisum the lowest, total equivalents of 

cations per unit of dry matter. 

As compared with these concordances between the results of the soil and 
the water culture experiments the discordances are relatively slight ; the K 
percentage of Pisum in the soil culture was found to be unusually low and, 
above all, the Ca and Sr content of Helianthus in the soil culture was 
decidedly too small as compared with that of the other plants. Discrepan- 
cies, especially as to elements like Ca and Sr, are in fact easily conceivable. 
These elements occur in the soil not only as constituents of the soil solution, 
but also in an adsorbed state and probably also as slightly soluble solid salts 
(CaCO^, etc.) ; the absorption of these salts is dependent on the chemical 
disintegrating power of the roots which in water culture experiments plays 
no role at all. 

In this connection, some experiments carried out by other investigators 
deserve mention. Newton (16) grew six crop plants in a nutrient solution 
containing 4.7 milligram equivalents per liter of K, 4.6 of Mg, and 8.0 of Ca. 
Among the plant species studied were Helianthus annuus, Pisum sativum, 
and Zea mays. The difference between tiie cation contents of these plants 
was slight with the exception of Zea. It was found to contain 3.0 times less 
Ca than Pisum and 4.3 times less Ca than Helianthus. Our own results are 
quite in accord with these observations. 
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Bertrand and Ghitescu (2) cultivated four plant species side by side 
in a garden. Among them were Avena sativa and Fagopyrum esculentum. 
It was found that Fagopyrum contained, per unit of dry matter, 1.5 times 
more K, 3.7 times more Mg, and 4.3 times more Ca (but 51 times less Na) 
than did Avena. For the sake of comparison it may be stated that of our 
plants cultivated in solution II, Fagopyrum contained almost as much K, 
3.3 times more Mg, and 2.1 times more Ca (but 7.2 times less Na) than did 
Avena. The general trend of the results in both experiments is thus un- 
doubtedly the same although the differences as to Na are decidedly more 
pronounced among the plants of Bertrand and Ghitescu than among ours. 

Finally, van Itallie (13) cultivated eight species of phanerogams in pots 
filled with three kinds of soil: (a), a poor sandy soil ; (b), the same soil with 
some Na 2 S 04 added; and (c), the first mentioned soil with Na 2 S 04 and 
K 2 SO 4 added. Among the plants studied were Avena satwa and Sinapxa 
alba (white mustard). From the data given by van Itallie it may be calcu- 
lated that the plants contained approximately the relative cation percentages 
indicated in table IX. These figures show that Avena had absorbed about 
2 to 3 times less Na and Ca, but in most cases about twice as much K, as had 

TABLE IX 


Approximate cation percentages or Avena and Sinapis cultivated bv van Itallie in 
THREE DIKFERENT KINDS OF SOIL (A, B, C) 


Plant 


Na 



K 



Mr 



Ca 


A 

B 

C 

A 

B 

C 

A 

B 

C 

A 

B 

' C 


Avena 

5 

17 

11 

68 

61 

1 

66 

11 

10 

10 

16 

12 

13 

Sinapis 

14 

26 

19 

1 

32 

28 

41 

14 

14 

11 

40 

34 

29 


Sinapis ; the Mg percentages were almost the same in both plants. On the 
other hand, in our own experiments with the solutions II and V (tables IV 
and VII), Avena had taken up 2 to 3 times less Na, about 2 times less Ca, 
about to 2 times more K, and about as much Mg, as did Sinapis. The 
agreement between the principal results of van Itallie and ours is thus very 
good. 

Summing up the results of the above comparisons of plants cultivated 
under different conditions, we may conclude that the main differences in 
cation selection between our plant species groAvn in water culture are by no 
means restricted to the special conditions prevailing in our experiments. 
They are, at least to a considerable extent, of a general nature. On the other 
hand, it has been clearly demonstrated (21) that the external conditions do 
definitely affect the cation selection of higher plants. 
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Features common to the cation selectivity of all the plants studied 

From emphasis upon the differences between various plant species, we 
nbw put the question : which features are common to the cation selectivity of 
all the plants? 

Constant relationships between cations 


As a first constant feature we may point out the striking fact that all of 
our experimental plants absorb rubidium very nearly with the same rapidity 
as potassium, from a solution containing equivalent amounts of these cations. 


1 2 3 4 3 6 7 8 6 10 11 1 2 1 3 1 4 1 5 1 6 1 7 1 8 19 20 21 



Fig. 1. Equivalent percentage of Na, K, and Rb in plants cultivated in solution II 
containing these cations in equivalent amounts. The plants are arranged according to 
increasing Na content. 

1. Fagopyrum 

2. Zea 

3. Helianthns 

4. Chenopodium 

5. Salsola 

6. Pisum 

7. Nicotiana 

8. Solanum 

9. Spinacia 

10. Avena 

11. Aster 


12. Papaver 

13. liEctuca 

14. Plantago Janceolata 

15. Melilotus 

16. Vicia 

17. J triplex morale 

18. Sinapis 

19. Salicornia 

20. Plantago mariUma 

21. Airiplex horiense 
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This is clearly seen from table IV and figure 1. According to the results, 
the ratio Kabsorbed : EbabBorbed varies only between the values 1.0: 1.88 {Atri- 
plex morale) on the one side and 1.1: 1.0 (Fagopyrum, Salsola, Zea) on the 
other. It is not possible to decide from the data of table IV, whether the 
apparent variations of this ratio are real or perhaps due only to analytical 
errors. That the ratio between K and Rb absorbed is at least approximately 
constant is remarkable. 

In the experiment with solution V (table VII), which contained a 20 
times lower concentration of Kb than of K, the amounts of Rb taken up by 
the plants were all about 20 times smaller than the corresponding amounts 
of K. At first sight this seems strange since ions are generally taken up 
relatively more abundantly from dilute solutions than from those more con- 
(*entrated. An explanation of this result, however, will be given later in 
this paper. 

A second characteristic common to all of the plants studied is that they 
absorb cesium nearly as rapidly as rubidium, and thus also as rapidly as 
potassium (table VII). According to the analytical results the ratio 
Kbabhoibed '• C^Sahsoibod varies between 1.9: 1.0 (Avena) on the one side and 
1.0: 1.1 (Sinapis) on the other; the average is about 1.3: 1.0. In this case 
it is (piestionable whether the ratio in reality varies slightly or is constant. 

While the last three members of the alkali-metal series show such a close 
resemblance in their behavior towards the plants it is rather remarkable that 
betAveen the first three members of this group (Li, Na, and K) no correlation 
can be detected; that is, apart from the fact that the plants richest in Na 
contain a slightly lower percentage of K than do most other species. 

A third characteristic common to all of the plants studied is that they 
take up strontium at almost the same rate as calcium ; the analytically deter- 
mined ratio Caabso, bed : Srui,8<.i bed varies in the experiment with solution V 
(table VII) between 2.0: 1.0 and 1.0: 1.0. Again these variations do not 
exceed the limits of experimental error. 

If the nutrient solution contains Ca and Sr in different concentrations, 
each of these cations is taken up in amounts directly proportional to the 
concentration of that ion in the solution. The cation occurring in a lower 
(joiicentration is thus in this case not absorbed relatively more abundantly. 
This is clearly seen from figure 2 which refers to the experiment carried out 
with solution III. This solution contained Sr in a concentration 400 times 
lower than the concentration of Ca and the graph shows that the amounts 
of Sr taken up by the plants are nearly exactly 400 times smaller than the 
amounts of Ca absorbed by the same plants. It is also striking to see how 
the Ca and Sr curves fluctuate in parallel. This indicates that the absorp- 
tion power of a given plant species for Sr is always proportional to the 
absorption power of the same species for Ca. The data obtained with solu- 
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Fig. 2. Equivalent percentage of Mg, Ca, and Sr in plants cultivated in solution 
III containing, among other constituents, 4 milligram-equivalcnts of Mg and Ca and 
also 0.01 milligram-equivalents of Sr per liter. The Sr })ercentage8 are represented 400 
times magnified. Plants are arranged according to increasing Mg content. 

1. Pisum 0. Helianthus 

2. Lactuca 7. Solanum 

3. Vicia 8. Spinacia 

4. A vena 9. Airiplex hor tense 

5. Plantago maritima 10. FagopjTum 


tioiLs I, II, and IV would, if represented graphically, give very similar 
curves. In all cases the relative Mg content varies independently of the 
relative Ca and Sr content or at least nearly so.'^ 


Other cations 

It might be conceivable that a given cation (A) would be absorbed by 
all plants in constant ratio to another — say five or ten times more slowly than 
another cation (B). Such a case would in itself not be more surprising 
than our finding that Rb and Cs are, in all plant si)ecies studied, absorbed 
with almost the same rapidity as K, or that Sr is taken up by all plants 
almost as rapidly as Ca. It is, therefore, a remarkable and rather unex- 
pected fact that those ionic ratios, which are constant for different plants, 
are equal to, or at least approximate to, unity; i.e., the above named ratios 

R-abaorbed • Rbabaorbed ^ CSabaorbed RUd Caabaorbed • Srabsoibed, SCem tO be the Ollly 

ones that are independent of the specific nature of the plant. All other ionic 
ratios which deviate from unity are also very variable from species to spe- 
cies. The explanation is not quite clear, but perhaps it may be found in the 
assumption that the plants are unable to ‘‘distinguish'’ between K, Rb, and 
Cs and also between Ca and Sr. 

* In a preliminary account (7) it was claimed that there also exists a positive correla- 
tion between the Mg and Ca contents, although some exceptions were obvious. This state- 
ment was based on a comparison of the absolute Mg and Oa contents which show, in fact, 
a rough parallelism. This parallelism is, however, mainly attributable to the fact that 
there are some plants which are poor in salts and others that are rich in them. 
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The variation in most ionic absorption ratios from species to species 
is so great that it is impossible to arrange even the four cations most 
closely studied (Na, K, Mg, and Ca) in a constant series according to de- 
creasing absorption. Thus in table III the series K > Ca > Mg > Na, 
and K > Mg > Ca > Na both occur in several plants ; but also the series 
K > Mg > Na > Ca (Atriplex), and K > Na > Ca > Mg {Plantago mari- 
tima have been encountered. Table IV shows an even more complex situ- 
ation : from solution II sometimes K or Rb, sometimes Mg, sometimes Ca, and 
sometimes even Na is taken up most copiously ; in solution II, however, just 
as in solution I, the cations Na, K, Mg, Ca, and also Rb occur in equivalent 
amounts. This striking difference between the behavior of the plants in 
solution I and II seems to be due to a peculiar kind of mutual competition 
between K and Rb ions; this will be more closely examined later. These 
interactions betAveeii different cations make it still more difficult, of course, 
to j)ut forth any series of general applicability for cation absorption. 

In spite of these complications we shall now try to find from the analyti- 
cal data contained in tables III to VII some more or less general rules con- 
cerning the absorption of the different cations. In doing this we restrict our 
comparisons to those cations which are present, in the same culture solution, 
in equivalent concentrations. 

Lithium. — Earlier literature statements ( 4 , 14 ) about “lithium plants’’ 
easily give the impression that this element would be accumulated to a very 
high degree by some plants. As far as I am aware there are, however, no 
previous culture exi>eriments carried out with solutions of known Li concen- 
trations Avhich permit a quantitative estimation of the actual Li accumu- 
lation by any ])lant. The experimental results obtained in the present 
investigation show that, although different plant species behave differently 
towards Li ions, this element always belongs to those which are absorbed in 
relatively small amounts. Thus the eleven plant species cultivated in solu- 
tion IV (table VI) which contained Li, Na, Mg, and Ca in equivalent 
amounts all absorbed much less Li than either Mg or Ca ; and thus also much 
less K or Rb. Remarkabl}" enough this is even true of such a typical (though 
not extreme) lithium plant as Nicotiana. On the other hand, the majority 
of the new plant species studied took up somewhat more Li than Na. 

It is conceivable that Li would be accumulated to a relatively greater 
extent when present in very low concentration in the nutrient solution. 
Even in this case, however, the accumulation is apparently moderate since 
all of the plants cultivated in solution I were found to contain more Mn than 
Li, with the single exception of Nicotiana which had absorbed about twice 
as much Li as Mn. This solution contained about 0.005 milligram equiva- 
lents of Li and Mn per liter in addition to other ions. 

Sodium, — As previously pointed out, the extent to which this element is 
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absorbed varies very much depending upon the specific nature of the plant 
in question. Nevertheless, Na seems to be the one least absorbed of all the 
cations studied or, in other words, the one most perfectly excluded. Per- 
haps the most striking example of the exclusion of Na is afforded by Pago- 
pyrum cultivated in solution V (table VII). Prom this solution (contain- 
ing in addition to other ions, 2 milligram equivalents of Na and K, and 0.2 
milligram-equivalents Mg and Ca) Pagopyrum was found to have taken up 
about 90 times less Na than K, and about 5 to 6 times less Na than Mg or Ca. 

Na is in most cases absorbed less, often much more, than K, Rb, Ca, Mg, 
Ca, and Sr.® In many cases the absorption of Na is even less than that of 
Li or Mn. ' 

Potassium and rubidium. — These two cations are, in most cases, more 
easily absorbed than any otliers. Thus, if Rb is not present, K is nearly 
always® taken up in greater amounts than any other cation studied (tables 
III, V). Even when the absorption of K is suppressed by the presence of 
an equal amount of Rb (solution II), no other cations are accumulated much 
more than K and Rb. 

Cesium. — This cation seems to be absorbed almost as easily as Rb and 
thus about as easily as K. 

Magnesium, calcium, and strontium. — Sr is absorbed, by all of the 
plants studied, almost as readily as Ca. Mg, on the other hand, is absorbed 
to concentrations 5 times as great by some species and by others only to con- 
centrations i of those of Ca and Sr. Generally speaking the alkaline earths 
are accumulated in quantities which amount to about 1/9 to 1 /I of the simul- 
taneously absorbed quantities of K (tables III, V) if the absorption of K is 
not suppressed by Rb. In the presence of an equivalent amount of Rb, how- 
ever, the alkaline earths are often taken up to even a greater degree than is K. 

Manganese. — The plants cultivated in solution 111, wliich contained 
equivalent amounts of Mn and Sr, were always found to have absorbed dis- 
tinctly more Mn than Sr ; the amounts of Mn found in the shoots for the most 
part surpass their Sr content by about 10 to 20 times (table V). In spite of 
this, it seems very questionable whether it would be justifiable to conclude 
that Mn is in general more easily absorbed than Sr. It should be noted that 
in the above experiment the absorption of Sr has probably been strongly sup- 

5 From solution III (sec table V) containing Na and Sr in equivalent amounts, Na 
was taken up as copiously or in most cases even mere copiously than Sr, but this result is 
probably due to the ‘ ^ antagonistic ^ ^ effect of Ca. This element occurs in the culture 
solution in a concentration 400 times higher than that of Sr and thus may be a>)l(* to sup- 
press the absorption of Sr very strongly. 

« The only exception from this rule is Fagoj^um which, when cultivated in solution 
III, contains a little more Mg than K (table V). ' In view of the relatively low accuracy 
of the Mg determinations it is, however, questionable whether this single exception is a 
real one. 
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pressed by the Ca ions, the concentration of which in the culture solution III 
was 400 times higher than that of the Sr ions. 

A comparison of the quantities of Mn and Na absorbed from solution III 
is probably more justifiable. The ratio Muabsoibed: Naabsorbed varies between 
about 8:1 (Helianthus) and 1:6 (Atriplex). This indicates that on the 
average Mn is taken up to about as small a degree as is Na. 

Finally, it should be stressed once more that the roots contain relatively 
large quantities of Mn which have been left out of account in the above con- 
siderations. If the Mn content of the roots is included, the absorption of Mn 
appears considerably greater. 

Copper. — Cu is an example of a heavy metal which in very low concentra- 
tions can easily be determined in the flame spectrum. A culture experiment 
was started with solution VI containing besides other ions, Cu, Mn, and Sr in 
equivalent amounts (0.05 milligram-equivalents per liter). From the re- 
sults given in table X it is clear that the amounts of Cu transferred from the 
roots to the upper parts of the plant are very small ; in fact, considerably 

TABLE X 

Cu, Mn, \Ni) Sr ( ontknt of (\) hoots and (b) aerial p\rts of plants cultivated in 
son tion VI. Thf cation contents are expressed as milligram equiva- 
lents PER KILOGRAM DRY WEIGHT 


Species 

Ou 

Mn 

Sr 

A 

I 

B 

_ .J 

B 


B 

Avona 

100 1 

<3.8 

13 

19 

r> 

8 

Helianthus 

20 

3.8 

5 

18 

3 

10 

Pi sum 

1 

190 1 

<3.8 

>175 

1 15 

1 14 

8 


smaller than the eorrcsjionding amounts of Mn and Sr. In the roots, on the 
other hand, great amounts of Cu were found. It is questionable, however, 
wliether these (juantities were really absorbed by living cells or only precipi- 
tated on or in the cell walls of the roots. 

Cation absorption series 

After this review of the absorption of single cations we may suitably 
return to the question of the arrangement of the cations studied in a series, 
according to decreasing absorption by the plants. It was pointed out that it 
is not possible to put forth such a single series valid for all of the plant species 
studied. If we, however, intentionally leave the less frequent types of cation 
selection out of account, it is possible to lay down a cation series roughly valid 
for some sort of average plant type. This series, which is here given only 
with explicit reservation for its limited validity, may be written as follows ; 

Rb, K, Cs > Sr > Na 
Mn 
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Elements separated by a comma differ only slightly from each other as to 
their absorption. On the other hand, the symbols written above one another 
indicate elements the relative absorption of which is subject to variations 
so great that it would seem too arbitrary to give precedence to one of them. 

The present writer knows no other experiments in which higher plants 
have been cultivated in solutions containing a considerable number of cations 
in equivalent concentrations and in which the amounts of different cations 
absorbed by the plants have been determined. It is, therefore, scarcely 
possible to compare the results arrived at in this investigation with the 
results of previous work by other investigators. Only in passing it may be 
pointed out that the above cation series agrees approximately, but not 
wholly, with that obtained in cultivating the alga Tolypellopsis stelligcra in 
a nutrient solution, containing several cations in equivalent amounts ( 8 ). 
The cation series referring to Tolypellopsis is K > Rb > Ca > Na, Li. The 
only difference is that the alga absorbs somewhat less Rb than K. Another 
Characean alga, Nitella clavata, studied by Hoagland and Davis (10) 
yielded the series K > Na > Ca > Mg. This cation series differs somewhat 
more from the series valid for the majority of phanerogams but coincides 
with that found in our experiments with Plantago maritima. 

Some interactions between different cations in absorption 

No attempt will be made here to discuss the intricate question regarding 
effects exerted by some cations on the absorption of others. Only a re- 
stricted but striking aspect of this problem will be considered. 

It has already been shown that, in spite of the fact that the culture solu- 
tions I, II, and III all contained K, Ca, and Mg in equivalent amounts, all 
of the plants cultivated in solutions I and III absorbed distinctly more K 
than either Ca or Mg ; the same plant species when (uiltivated in solution II 
were often found to contain more Mg or Ca than K. What is the cause of 
this apparent inconsistency ? The most conspicuous difference between solu- 
tions I and III and solution II is that the first named solutions were free 
from Rb, while solution II contained as much Rb as K. It is possible, there- 
fore, to explain the experimental results by assuming that Rb ions when 
present in the culture solution exert a specific depressing effect on the absorp- 
tion of K ions. 

If the above interpretation is correct it seems rather natural to expect 
that a similar effect would be obtainable with another pair of physico- 
chemically allied cations (Ca and Sr). This is apparently the case, as may 
be concluded from the following chain of comparisons. From the analytical 
data presented in table VII it is obvious theft Sr is absorbed almost as readily 
as Ca ; from table IV it may be concluded that by almost all of the plant 
species represented Ca is absorbed distinctly more than Na. Hence, it seems 
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logical to conclude that Sr should be taken up by most plant species at least 
as much as Na. Contrary to this view, however, table V shows that all of 
the plants cultivated in solution III (which contained Na and Sr in equiva- 
lent amounts) have taken up much less (about 10 times less) Sr than Na, 
This result is easily explained by the previous assumption that the Ca ions, 
being present in solution III in a concentration 400 times higher than the 
concentration of Sr, have strongly depressed the simultaneous absorption of 
Sr. 

In order to prove, once more, the above assumptions, the following experi- 
ments were carried out : A series of seven culture solutions (A to G) was 
prepared so comparisons could be drawn between selected pairs of cultures 
in which, with reference to any one of the 6 cations investigated, the concen- 
tration of one cation was varied by a tenfold change. Besides constant con- 
centrations of NH4NO3 (2 milligram equivalents), MgS 04 (0.2 milligram 
equivalents), Fe-tartrate, and the components of the “A-Z’^ solution of 
Hoagland, the solutions had the following cation composition with their 
anion contents held as constant as possible : 


Soli tion 

Concentrations expressed as milligram equivalents per liter 

Li 

Na 

K 

Bb 

Ca 

Sr 

A 

0.2 

2.0 

2.0 

0.2 

0.2 


B 

^,0 

2.0 

2.0 

0.2 

0.2 


C 

0.2 

0 ^ 

2.0 

0.2 

0.2 


B 

0.2 

2.0 

OJS 

0.2 

0.2 


E j 


20 

2.0 

2.0 

0.2 

0.2 

F 

i 

2.0 i 

2.0 

! 0.2 

2.0 

0.2 

G 


2.0 

2.0 

0.2 

0.2 j 

0.02 


Arena, Helianthus, and Pisum were cultivated in these solutions. 
Figure 3 shows graphically the amounts of K, Rb, and Sr absorbed by the 
plants. These amounts are expressed as milligram equivalents per kilogram 
dry matter. An inspection of the graphs reveals the following facts ; The 
Rb content of the plants is not influenced to any degree by variations of the 
Li, Na, (^a, and Sr concentrations of the culture solution; but a decrease of 
its K concentration from 2.0 to 0.2 milligram equivalents (solution D) 
causes a v^y conspicuous increase in the Rb absorption of all plants. As 
to the absorption of K, the result is correspondingly, though somewhat less, 
uniform ; the K content of the plants is also rather independent of the Li, 
Na, Ca, and Sr concentrations of the culture solution. When, however, the 
concentration of the Rb ions in the solution is raised from 0.2 to 2.0 milli- 
gram equivalents (solution E) it causes a distinct depression of the K ab- 
sorption in both Avena and Helianthus. This depression is, however, for 
some unknown reason not evident in Pisum. With regard to the modifiea- 
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tion of the Sr absorption the three species studied again behave similarly ; 
figure 3 shows that if the Ca concentration of the culture solution is raised 
from 0.2 to 2.0 milligram equivalents (and the Rb concentration simultane- 
ously lowered from 2.0 to 0.2 milligram equivalents) the plants take up about 
2 to 5 times less Sr. 

It is thus evident that the absorption of Rb is more strongly depressed 
by K ions than by any other cation the concentration of which was varied 
in the above experiment. Correspondingly, the absorption of K is more 
strongly depressed by Rb ions than by any other cation studied. Finally, 
the absorption of Sr is suppressed more strongly by Ca ions than by any 



Fig. 3. K, Rb, and Sr content of Avena, Helianthus, and Pisiun cultivated in the 
solutions A to G. The ordinates indicate logarithms of the cation contents expressed as 
milligram-equivalents per kilogi'am of dry matter. 

other cations tried. Whether Sr correspondingly suppresses the absorption 
of Ca has not been experimentally decided but seems, by analogy, very likely. 

It is found that the absorptioji of a certain kind of cation is most strongly 
depressed, not by cations of a pronouncedly different type the absor])- 
tion of univalent ions by bivalent ions) but, on the contrary, by very closely 
allied cations. This might seem somewhat unexpected in view of some cur- 
rent conceptions of ‘‘ion antagonism.'’ It was only in compiling this pub- 
lication that the writer was mad^ aware of the observations of Hubd-Karrek 
(12) according to which K salts are able tq prevent the harmful effect of Rb 
salts, and Ca salts the toxic action of Sr salts. These observations were 
explained by Htjrd-Karber by assuming that Rb ions are replaced by K ions 
and Sr ions by Ca ions in the nutrition of the plants — an assumption which 
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in view of the present invest if?at ion turns out to be entirely correct. Blanck 
( 3 ) has also observed that Rb may compete with K absorption ( 24 ). More- 
over, Hoagland, Davis, and Hibbard ( 11 ) made an analoj^oiis observation 
concerning? the accumulation of anions in establishing that the absorption of 
Br ions by Nitella cells is depressed by Cl and 1 ions but not by SO 4 or NO 3 
ions. These authors pointed out that it may be questioned whether the 
expression “ion antagonism” should be used to designate phenomena of this 
type. The following considerations seem to stress these doubts and also 
shed some light on the mechanism of the mutual hindrance observed. 

It is a well-knov/n fact that ions are in general absorbed to relatively 
greater extent from dilute than from concentrated solutions ( 6 , 8 , 11 , 26 ). 
Using the terminology of Stiles and Kidd ( 26 ) we may also express this by 
saying that the absorption ratio (the ratio Cintema : <’externai) of a given ion 
increases when its concentration in the nutrient solution decreases. Also 
the results obtained in the present investigation offered several examples of 
this. It may suffice to quote one single typical example. The ratio Kausorbed ? 
Naabsorbed wRs in tlic cRSc of Avciia cultivated in solutions I and V which 
both contained K and Na in ecjuivaleut amounts, respectively 73 : 3.7 = 20 
and 61 : 3.4 = 18 ; hence in both samples almost the same. Solution III, on 
the other hand, contained Na in a concentration 400 times lower than K. 
If the amounts of Na absorbed by the plants were directly proportional to 
the concentration of Na in the nutrient solution, one would expect to find 
in the Avena plants cultivated in solution III a Na percentage about 400 x 
19 = 7600 times smaller than the corresponding K percentage. But in reality 
the Na percentage analytically found (0.32) was not 7600 but only 230 times 
smaller than the K percentage (75). In other words, when the concentra- 
tion of Na in the culture solution was reduced 400 times (in relation to K) 
the amount of Na absorbed decreased only 33 times. Na was thus absorbed 
relatively much more from the dilute solution. 

Strangely enough, however, Rb in the presence of K, and Sr in the pres- 
ence of Ca, are cons])icuous ex(*cptions to this general rule. Thus Rb, when 
occurring in the culture solution in the same concentration as K (solution 
II), was accumulated roughly to the same extent as K and when oc(*urring 
in a concentration 20 times lower than K (solution V) was accumulated in 
amounts roughly 20 times smaller than the simultaneously absorbed amounts 
of K. The behavior of Sr as compared with Ca is quite analogous. When 
both cations are present in equivalent concentrations (solution V) Sr is 
absorbed almost as readily as Ca; when Sr is giveji in a cojicentration 400 
times lower than Ca (solution III) it is absorbed in roughly 400 times 
smaller amounts than Ca. Even when the concentration of Sr is only about 
1/4000 of that of Ca (solution I) the proportionality in absorption is at 
least approximately maintained; the absorbed amounts of Sr are about 
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1/4000 to 1/2000 of those of Ca. Hence, the relative enhancement of absorp- 
tion which in other cases is brought about by diluting the salt solution is not 
found in these cases. Why ? One answer to this question is, of course, that 
K when present in a much higher concentration than Rb strongly depresses 
the accumulation of this ion and that Ca correspondingly depresses the 
absorption of Sr. But this answer, though in itself quite correct, does not 
explain the peculiar fact that this depression is exactly great enough to 
maintain the absorption ratio of Rb (as compared with that of K) and of 
Sr (as compared with that of Ca) constant in spite of the great variations 
to which the concentrations of these ions are subjected in the nutrient solu- 
tions used. The simplest explanation of this unexpected constancy of the 
absorption ratios seems to be that the plants are in a certain sense unable 
to distinguish’’ between K and Rb and also between Ca and Sr in the same 
manner as they are unable to distinguish between two different isotopes of 
a given element. Just as the absorption ratio of the radioactive isotope 
remains about the same as that of the inactive isotope, (even when the two 
isotopes occur in extremely different concentrations in the external medium) 
so it is also easy to understand that the absorption ratio of Rb or Sr remains 
approximately the same as that of K or Ca when the proportions K : Rb and 
Ca: Sr are subjected to great variations in the culture solution. We must 
assume, however, that the absorption ratio depends, not upon the individual 
concentrations of K, Rb, Ca, and Sr, but upon the combined concentrations 
of K I Rb in the one case and of Ca f Sr in the other. 

From the same point of view it is easy to explain some peculiarities in 
the results obtained with the culture solutions A to G. On first sight it 
might appear strange that, as the K concentration of the solutions was re- 
duced 10 times, the amount of K absorbed decreased only about 2 to 3 times. 
As the concentrations of Rb and Sr were also 10 times reduced, however, 
the amounts of these cations in the plants decreased about 4 to 10 times. 
This result is understandable if we take into consideration the following 
facts. In solution E the joint concentration of Ca i Sr amounts to 0.4 milli- 
gram equivalents and in solution G to 0,22; the difference is thus moderate, 
ilimilarly, the combined concentration of K -f Rb in solution E (4.0 milli- 
gram equivalents) differs only moderately from that in D (2.2 milligram 
equivalents). In these instances, therefore, the reduction of the concentra- 
tions of Sr or Rb must evidently cause a considerable decrease of the amounts 
of these elements absorbed. When, however, we compare solution A which 
contains 2.2 milligram equivalents K f Rb with solution D which contains 
only 0.4 milligram equivalents K 4* Rb we find that the total sum of these 
cations is much reduced in solution D. It thus seems only natural that the 
absorption ratio of K, just like that of Rb, should be considerably greater in 
D than in A. 
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It is then somewhat inappropriate, if the views presented above are cor- 
rect, to use the term ‘‘ion antagonism’’ for the phenomena discussed; 
“mutual competition” or “mutual replacement” are expressions which 
would give a clearer picture of the actual situation. 

Concluding remarks 

*In the present investigation stress has been laid on obtaining positive 
experimental facts concerning the selective cation absorption of plants. 
Hitherto such facts have rarely been available. While it would be highly 
important to give a theoretically satisfactory explanation of the selective 
absorption process in question on the basis of the facts thus established, the 
present writer, unfortunately, feels unable to do this as the problem is too 
intricate. Only a few general remarks may be ventured here. 

There are at least two different processes which may account for the 
entrance of salts from the nutrient solution into the plant. The first is the 
transpiration stream which will carry the salts contained in the nutrient 
solution into the plant insofar as the salts are not hindered by some semi- 
permeable or selectively permeable structures in the roots. Since the cell 
walls are generally much more permeable to both water and salts than are 
the protoplasts, it seems conceivable, and perhaps even probable, that the 
transpiration stream ti^averses the root cortex; flowing not only through 
the protoplasts but to a considerable extent also between them — i.c., through 
the cell walls which probably exert only a relatively slight selective effect. 
It is probable, however, that there is at least one point in which the stream 
is forced to pass through living protoplasts. This point is the endodermis, 
the Casparian strips of which make its cell walls more or less impermeable 
to water and salts (19). Hence, the composition of the salt mixture enter- 
ing the plant with the transpiration stream will, in any case, be controlled 
by the permeability of some living protoplasts. The same is true in regard 
to the salts which tend to enter the central cylinder of the root by diffusion 
from the nutrient solution. It seems advisable to consider whether or not 
it might be possible to explain the cation selection exerted by the plants in 
the light of current theories of protoplasmic permeability. 

The ultra-filter hypothesis is evidently not able to explain our experi- 
mental results. Prom what we know about membranes acting as ultra-filters 
(e.p., collodion and copper ferrocyanide membranes) the bivalent Mg, Ca, 
and Sr ions should permeate with considerably greater difficulty than the 
univalent Na ions. In reality, as we have seen, Na is taken up to a less 
degree by most of our experimental plants than are the alkaline earth ca- 
tions. This finding also proves that, contrary to a wide-spread opinion, the 
diffusibility (or mobility) of the ions is not, or at least not alone, decisive for 
their absorption by the plants. In this connection it may be noted that 
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from a purely physiological point of view the smallness of the Na absorption 
is perhaps somewhat surprising, since it is generally supposed that plant 
protoplasts are more permeable to Na than to Mg or Ca ions ; plasmolytical 
experiments especially point in this direction. Either this supposition is 
wrong or the cation absorption of the plants is, to a considerable degree, 
determined by some factor other than protoplasmic permeability. 

Turning then to the lipoid-solubility theory we note that at least in the 
system butyl alcohol/ water, and thus probably in most systems of the type 
lipoid/water, the distribution coeflScients of the cations decrease in the 
order: Li > Na > K > Rb > Mg > Ca > Sr | Allemann, (3) and unpub- 
lished results] . This is, of course, not at all in harmony with the cation selec- 
tion observed in the present investigation. However, according to Oster- 
HOUT, ei al. (17) the relative solubilities in guaiacol increase in order Li < 
Na < K < Rb < Cs, which would be at least roughly in accordance with 
the behavior of the roots; but Mg and Ca are stated (18) to be much less 
soluble in this solvent than Na. This is again in contradiction to the selec- 
tion exerted by most roots. We must bear in mind that the distribution of 
cations between lipoidal solvents and water is still very imperfectly known ; 
it is thus possible that in the future lipoids may be found whose solvent 
capacity would better satisfy the theoretical demands now in question. At 
any rate it is so far quite uncertain that it will be possible to bring the ca- 
tion selection of the plants even into purely formal agreement with the 
lipoid-solubility theory; not to speak of the possibility of explaining the 
cation selection in a truly plausible manner. 

There is, too, no clear evidence that the combined lipoid-filter theory, 
though making many different cation selection series theoretically conceiv- 
able, would be able to give a really credible explanation of the whole process. 

It is in fact scarcely worth while to speculate very much upon the con- 
cordances and discrepancies between the current permeability theories and 
the cation selection exerted by the roots. Prom other investigations, espe- 
cially of Hoagland and his collaborators (9) it is rather evident that this 
process is due principally to a complicated activity of the root cells. This 
is essentially independent of the transpiration stream and it cannot be de- 
duced from our knowledge of the passive permeability of the protoplasts. 
This activity presents itself most obviously in the ability of the root cells to 
perform work in accumulating salts in high concentration from the very 
dilute solution surrounding them. The root cells probablj* actively secrete 
the salts taken up, releasing them to the xylem vessels in which they are 
conducted with the ascending sap to the shoot. 

The problem of the salt selection of the^higher plants is thus in the first 
place a question of the selectivity of the adenoid (active) salt transport of 
the rout cells. There are, however, still other complications not yet men- 
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tioned. Thus, for example, some of the cations transported with the trans- 
piration stream to the shoot are probably sent back alon^ the sieve tubes to 
tlie roots where they are likely to impede, at least to some extent, the further 
absorption of cations of the same kind while other sorts of cations are 
retained in the shoot and thus exercise no repressing effect on the uptake of 
cations of their own kind. 

It is evident that the problem of cation selection of the higher plants is 
an extremely intricate one. 

Summary 

Some 20 phanerogams representing different ecological types were culti- 
vated in complete nutrient solutions containing several cations in equivalent 
amounts. After approximately two months of growth the cation composition 
of the plants was determined using Lundegardh’s method of quantitative 
spectral analysis. The cations most closely studied in this way were Na, K, 
Kb, Mg, (>a, Sr, and Mn. Li and Cs were also studied but less extensively ; 
(^i only quite cursorily. The results obtained were as follows : 

1. The differences between the plant species cultivated in a given solu- 
tion are very unequal in regard to the different cations. They are very great 
in the case of Na and Mn (contents; the maximum values are about 20 to 60 
times greater than the minimum. They are (*onsiderable in the case of the 
Li, Mg, Ca, and Hr contents; the maximum values are about 3 to 5 times 
greater than the minimum. For K, Kb, and Cs, on the other hand, only 
moderate differences were observed; the maximum values were 2 to 3 times 
greater than the minimum. The cause of variation of different cations in 
such unequal magnitudes is not known. 

2. The differences observed are, for the most part, truly specific in char- 
acter. Single plant sjiecies are constantly (irrespective of the year of culti- 
vation and composition of the culture solutions) found to be relatively rich 
in certain cations and other species as constantly relatively rich in other 
cations. 

3. All halophytes cultivated {Sahcornfa herbacea^ Plantago mariiima, 
Afriplcjr Jitoraley A, hortaisi) were found to be very rich in Na, with the 
single exception of Astc7* iripoJhun which contained only moderate quanti- 
ties of this element. Fagopyrum csculenfumy Zea mays, and Helianthus 
atiuuus were, on the contrary, distinguished by their unusually large exclu- 
sion of Na. All Chenopodiacean plants, as well as Fagopyrum, were re- 
markably rich in Mg. Ca and Sr were absoi'bed in greatest amounts by 
Helianthus, Fagopyrum, and Sinapis alba; Avena, Zea, and Spinacia ab- 
sorbed these two cations in the least amounts. 

4. All plants studied absorb Rb and Cs with almost the same rapidity 
as K. They also take up Sr almost as readily as Ca. On the other hand 
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all the other cations studied show no distinct mutual correlation in their 
absorption rates by the plants. 

5. The specific differences between the absorption characteristics of dif- 
ferent plant species are so great that it is not possible to arrange the absorp- 
tion of the cations studied in any certain order which would be valid for all 
plant species investigated. The following data are, however, valid for the 
majority of the species studied. K, Rb, and Cs are, in general, the cations 
most copiously accumulated. The next place is in most cases occupied either 
by Ca and Sr or, about as frequently, by Mg, Li, Na, and Mn ; the latter were 
taken up by most plant species to a distinctly less extent than all of the six 
cations so far mentioned. ' The absorption of Na amounted generally to about 
1/50 to J/2 of the simultaneously absorbed K. 

6. K and Rb ions and Ca and Sr ions depress the absorption of each other 
more than do any other cations studied in this respect. It is also remarkable 
that Rb or Sr, in the presence of an excess of K or Ca, respectively, do not 
obey the general rule that the absorption ratio of a given ion increases when 
the concentration of that ion in the medium decreases. On the contrary, the 
absorption ratios of Rb and Sr remain constant if only the total concentra- 
tion of K + Rb, respective to Ca 4 Sr, is held constant. These findin|>s are 
explained by assuming that the ions K and Rb, and Ca and Sr, behave in 
the salt absorption of plants somewhat as identical ions or as two isotopes 
of the same element. 

7. The very complex nature of the selective salt absorption of higher 
plants is stressed. 

The author is indebted to Mr. Antti Kytoniemi, Mr. Leo Leiitoranta, 
and Mr. Mauri Siivonen for carrying out the spectral analyses on which this 
investigation is based. Mr, Kytoniemi also cultivated the plants grown in 
solution. 

Botanical Institute 

ITniveesity or Helsinofors 
Helsinopoes, Finland 
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INFLUENCE OP BORDEAUX MIXTURE AND ITS COMPONENT 
PARTS ON TRANSPIRATION AND APPARENT PHOTO- 
SYNTHESIS OP APPLE LEAVES^ 

FEANKLIN W. SOUTHWICK AND X. F. CHILDERS 

(with four figures) 

Introduction 

Spray materials should be judged not merely as an effective control 
against insects and pathogens but also by their immediate or residual in- 
fluence on the treated plants; for it follows that those spray^ ingredients 
whi(*h are toxic to various insects and pathogens are in all probability toxic 
in some degree to plant protoplasm. The problem is to determine what 
effects, deleterious or otherwise, Bordeaux mixture and its component parts 
exert on the metabolism of apple leaves. Since this material is popular in 
the control of bitter rot, blotch, apple scab, fire blight, and other important 
fruit diseases, some knowledge concerning the influence of this spray on 
apple foliage would be of value in analyzing orchard spray problems. 

The rates of transpiration and apparent photosynthesis of treated leaves 
were measured under different conditions of temperature, light, humidity, 
and soil moisture. These determinations along with other minor investiga- 
tions were designed not only to obtain direct evidence as to the effect of this 
material on these processes but also to endeavor to provide some informa- 
tion as to the mechanism involved. 

A concise review of most of the literature on the effects of Bordeaux 
mixture on plant metabolism has been assembled by Miller (23). 

Methods 

The carbon dioxide gas analysis and procedure for measuring photosyn- 
thesis were similar to those described by Heinicke and Hoffman (12). This 
apparatus was set up in connection with an environmental-control chamber 
as described b}’^ Childers and Brody (6) in which light, temperature, and 
humidity could be controlled. The temperature and humidity within the 
chamber were kept constant within a range of 2° P. and 2 per cent, relative 
humidity, respectively, unless otherwise stated. The humidity when not 
automatically controlled was recorded on a humidigraph inside the experi- 
mental chamber (on one occasion when the humidistat was out of order there 
were variations in relative humidity between five and ten per cent.). Prom 
these daily records, the average relative humidity for the duration of each 
experiment was determined and the vapor pressure calculated (21). The 

lAn abstract of this paper has been published elsewhere (26). 
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intensity of light reaching the experimental leaves was measured with a 
^Weston photometer. The individual light readings were averaged for the 
check and test leaves. 

Transpiration was measured simultaneously with photosynthesis by at- 
taching to the air lines bottles which contained pumice stones impregnated 
with sulphuric acid (11). 

Daily determinations which usually lasted three hours each were made 
between 7 : 30 a.m. and 7 : 00 p.m. on leaves of Stayman Winesap shoots. 
The shoots were from two to four feet long, arising from two- and three- 
year-old cutbacks and grown in the greenhouse in tubs which contained a 
dark clay loam soil. The' trees in all experiments with the exception of those 
employed in experiment XIT, had not set terminal buds. The data with a 
few exceptions represent an average of six treated leaves and an average 
of six untreated leaves evenly distributed up and down, and around shoots 
of one, two, or three trees. The number of trees used was dependent on 
the vigor of the shoots available per tree and the number of desirable leaves 
per shoot. Care was taken to see that the check and test leaves corresponded 
as to age and position on the shoots. The tree or trees involved in these ex- 
periments were watered regularly to the field capacity of the soil, except for 
the drought conditions study, at intervals ranging from once every day to 
once every sixth day, depending on the rate of transpiration and the evapo- 
ration from the soil as influenced by temperature and humidity in the 
chamber. 

The Bordeaux mixture was prepared by first diluting the stock suspen- 
sion of fresh hydrated lime and then adding the stock solution of copi>er sul- 
phate according to Pickering and Bedford ( 24 ). In all cases the sprays 
were applied immediately after they were prepared with a non-continuous 
hand atomizer, sometime between 6 : 00 and 10 : 00 p.m. 

In some experiments, after the spray had been in contact with the leaf 
surface for several days, the spray sediment was removed, as much as pos- 
sible, from either the upper or lower surface separately or both surfaces 
simultaneously. This was done by gently wiping the leaf surface with ab- 
sorbent cotton moistened in distilled water. Extreme care was taken during 
this operation to prevent mechanical injurj’^ to the leaves. Spray removal 
was done sometime between 6 : 00 and 10 : 00 p.m. 

The term ‘‘expected rate’^ refers to the relationship existing between 
the rate of photosynthesis and transpiration of the check and test leaves 
prior to spray treatment. It was assumed that the relationship between the 
check and the test leaves would remain constant throughout the experiment, 
within the limits observed prior to spraying’ and that any further fluctua- 
tions arising in these relationships after spray was applied were due to the 
influence of the spray material. Consequently, the “percentage of expected 
rate^’ as used in this paper is considered to represent a measure of the effect 
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of various spray materials on the rate of photosynthesis and transpiration. 
The methods used in calculating the ‘‘expected rate’’ and the “percentage 
of expected rate” are given at the bottom of table I. 

TABLE I 

The inpli^ence of Bordeaux mixti re 4-6-100 on the rate of photosynthesis and 

TRANSPIRATION OP 8TAYMAN APPLE LEAVES 

Temperature — 50° F. 

Average foot candles on check leaves — 1547 
Average foot candles on test leaves — 1302 
Average vapor pressure — 1.95 mm. of Hg 



Apparent photosynthesis 

Transpiration 





Per- 




Per- 


COa/lOO CM.V 

Kx- 

centage 

H^O/100 CM.V 

Ex- 

CENTAGE 


HOUR 

pected 

OF ex- 

hour 

pected 

OF EX- 

Bate 



rate 

PECTED 



rate 

PECTED 

1939 




RATE 



TT' 1 An 

RATE 




A X lUG 



Jii X lUU 


Test 

Check 

B 

CxlOO 

Test 

Check 

F 

GxlOO 





94* 




88* 


A 

B 

c 

B 

E 

F 

G 

H 


mg. 

mg. 


1 

gm. 

gm. 


Vr 

No\. 14 

16.52 

17.18 

96 

\ 102 

0.72 

0.86 

84 

95 

15 

12.67 

13.04 

97 

103 

0.98 

1.02 

96 

109 

16 









17 



1 




I 


18 

14.38 

15,95 

90 

96 

1 0.96 

1.15 

83 

94 

Average 



94* 

100 

1 


88* 

100 


10.47 

11.85 

88 

91 

1.01 

1.23 

' 82 

93 

20 

14.70 

16.97 

87 

93 1 

, 0.81 

0.90 

, 90 

1 102 

spray 

12.36 

13.99 

88 

94 

1.12 

1.15 

' 97 

j 110 

22 

11.95 

16.11 

74 

79 

1.00 

1.18 

I 85 

97 

2nd 23 

11.23 

14.31 

78 

83 

0.67 

0.81 

83 

94 

spray 24 

10.99 

15.35 

72 

77 

1.18 

1.23 

I 96 

109 

25 

12.34 

15.87 

78 

83 

0,38 

0.43 

I ! 

100 

26 , 



1 

, 1 





27 

10.42 

13.82 

75 

80 

! 0.77 

0.87 

' 89 

101 

3i(l gg 1 

12.27 

17.80 

69 

! 73 

[ 0.82 

0.98 1 

I 84 

95 

spray 2J) I 

14.06 

18.84 

75 

1 80 

1.01 i 

1.11 

! 

103 

3*0 ‘ 

10.67 

14.09 

76 

1 81 

0.86 

0.99 

87 

99 

Dec. It 1 

8.67 

12.24 

71 

76 

0.73 

1.03 

71 

81 

2 1 

20.30 

24.63 

82 

87 

1 

0.74 

0.91 1 

81 

92 

3t 









4 

10.94 

; 13.77 

79 

84 

0.93 

1.15 

81 

92 

5 1 

14.50 

1 

19.69 

74 

79 

0.85 

0.98 

87 

99 


* The numbers that are starred in columns C and G represent the * ' expected rate ’ ^ 
and are substituted in the formula above columns I) and II obtaining the percentage of 
expected rate * * in columns D and H. 

t Spray removed from upper surface, 
t Hpray lemoved from lower surface. 

Results 

Jt has been a general obsei’vation that cool temperatures and moist con- 
ditions, such as occur in early spring, are closely associated with Bordeaux 
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injury to apple leaves. In the summer, however, when the temperatures are 
considerably higher, little or no visible injury ordinarily develops. Con- 
sequently, the first five experiments to be discussed were designed to deter-* 
mine what role various temperature levels, ranging from 50 to 100° F. play 
in affecting the rate of photosynthesis and transpiration of apple leaves 
sprayed with 4r-6~100 Bordeaux. It may be pointed out that variations in 
photosynthesis and transpiration of the test leaves (expressed in percentage 
of expected rate) before the spray applications were made are considered 
in each experiment to be normal for that set of leaves and such variations 
after treatment are likewise considered within normal range of fluctuation. 
To gain an average estiihate of the effect of the spray on leaf activity, an 
imaginary curve could be projected through the daily percentage of ex- 
pected rate of photosynthesis or transpiration. 

Experiment I (temp. 50° F.) 

Two Stayman Winesap trees each bearing a single vigorous shoot were 
employed in this experiment. A relationship was established between the 
check and test leaves, in the five-day period from November 14 to 18. On the 
evenings of November 18, 21, and 25 a spray of Bordeaux 4-6-100 was ap- 
plied to both surfaces of the test leaves. The data are given in table I and 
graphically shown in figure 1-A as the percentage of expected rate for the 
sprayed leaves. The rate of photosynthesis following the first spray ap- 
plication was consistently below 100 per cent, of the expected rate but this 
reduction was hardly significant. Immediately following the second spray, 
however, a decrease of 21 per cent, in the photosynthetic rate was apparent. 
The rate of carbon dioxide absorption remained at about this level even after 
the third spray. On the evening of November 30 the spray deposit was care- 
fully wiped from the upper surface of the test leaves with moist absorbent 
cotton. On the morning of December 1, approximately 12 hours following 
spray removal, some burning typical of the Bordeaux injury described by 
Hedrick (10), Crandall (7), and Dutton (9) was observed on the test 
leaves. The injury appeared as spots scattered over the upper surface and 
were most numerous at the tip and margins of the test leaves. Contrary to 
the reports of the above workers, the mature leaves were more seriously 
affected than the young leaves. Two days later, on the night of December 
2, the spray residue on the lower surface of the treated leaves was removed. 
No further increase in injury was observed. To be sure that this injury 
was not due to the wiping action alone, the check leaves were wiped similarly 
with moist absorbent cotton. No visible injury ensued. 

It is apparent from figure 1-A that the* rate of photosynthesis was not 
changed appreciably at 50° F. by spray removal from either the upper or 
lower leaf surface. Transpiration which heretofore was not significantly 
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Fig. 1. The effect of Bordeaux mixture 4-6—100 on the rate of photosynthesis and 
tianspiration of apple loaves at (A), 50° F.; (B), 60° F.; and (C), 70° F. 

influenced by Bordeaux mixture dropped sharply immediately after the 
removal of the spray material from the upper surface and at the time the 
visible injury occurred. By December 5, however, three days after the 
removal of the spray deposit from the lower surface, transpiration had 
recovered. 

Experiment II (temp. 60® P.) 

The data for this experiment are p:iven in table II and presented graph- 
ically in figure 1-B. Each of the two Stayman apple trees used possessed 
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TABLE II 

The influence of Bordeaux mixture 4-6-100 on the rate of photosynthesis and 

TRANSPIRATION OP STATM\N APPLE LEAVES 

Temperature — 60® F. 

Average foot candles on check leaves — 2083 
Average foot candles on test leaves — 1226 
Average vapor pressure — 5.18 mm. of Hg 


Date 

1939 

Apparent photosynthesis 

Transpiration 

COa/100 CM.V 
HOUR 

f 

Ex- 
pected 
rate 
Ax 100 
B 

Per- 
centage 
OF EX- 
PECTED 

RATE 

CxlOO 

121* 

HaO/lOO CM.V 
hour 

Ex- 
pected 
rate 
Ex 100 

F 

Per- 
centage 
OF ex- 
pected 

RATE 

G X 100 
111* 

Test 

Check 

Test 

Check 

A 

B 

C 

D 

E 

F 

G 

H 


mg . 

mg . 


7r 

gm . 

gm . 


Vr 

Oct. 26 

26.34 

20.81 

127 

105 

1.12 

1.06 

106 

95 

27 

22.20 

18.63 

119 

98 

1.49 

1.45 

103 

93 

28 

28.36 

24.39 

116 

96 

1.37 

1.11 

123 

111 

Average 



121* 

100 



111* 

100 

1st 





1.61 

1.51 

107 

96 


18.68 

17.14 

109 

90 

1.07 

1.10 

97 

87 

spray 

25.13 

22.88 

110 

91 

1.07 

1.00 

107 

96 

Nov. 1 

9.11 

9.38 

97 

1 80 

1.37 

1.48 

93 

84 


15.00 

17.24 

87 

72 

1.39 

1.27 

109 

98 

2 nd 2 

20.36 

26.10 

78 

64 

1.07 

1.27 

84 

76 

spray ^ 

14.61 

16,55 

88 

73 

1.15 

1.29 

89 

80 


24.64 

27.03 

91 

75 

1.12 

1.27 

88 

79 

3rd g 

29.14 

1 31.15 

94 

78 

1.20 

1.18 

102 

92 

spray ^ 

31.09 

34.71 

90 

74 

1.15 

1.30 

88 

79 

8t 

18.04 

20.74 

87 

72 

1.13 1 

1 1.26 

90 

81 

9 

17.60 

19.81 

89 

74 

0.89 

1.12 

79 

71 

lot 

19.10 

18.79 

102 

84 

1.21 

1.40 ! 

86 

77 

11 

17.88 

20.16 

89 

74 

1.91 

2.25 1 

85 

77 

12 

17.66 

19.36 

91 

75 

1.38 

1.60 

86 

77 


* See table I. 

+ Spray removed from upper surface. 
t Spray removed from lower surface. 


one shoot which had not set a terminal bud. A relationship was established 
between the check and test leaves in a three day period from October 26 to 
28. The 4-6-100 Bordeaux spray was applied during the early evening of 
October 28, November 1, and November 4; and the spray residue was re- 
moved the nights of November 7 and 9 from the upper and lower leaf sur- 
faces, respectively. As shown in figure 1-B, the photosynthesis curve of 
the test leaves in percentage of expected rate was very similar to the one 
obtained in experiment I and shown in figure 1-A. The sharpest drop in 
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photosynthesis during this experiment occurred, as in the previous test, 
after the second spray application; for on November 3 the rate of carbon 
dioxide absorption of the sprayed leaves was reduced 36 per cent. The 
rate of photosynthesis rose slightly November 4 but still remained 25 per 
cent, below the expected rate, where it persisted for the duration of the 
experiment. In contrast to the practically negligible influence of Bordeaux 
4-6-100 on transpiration in experiment I, the rate of water-vapor loss was 
deflnitely reduced, 24 per cent, by November 3, two days after the second 
spray had been applied. The transpiration rate continued to show a defl- 
nite reduction thereafter, with an exception on November 6, when it par- 
tially recovered. 

There was no visible injury noted on the test leaves before spray re- 
moval. When, however, the spray was carefully removed on November 7 
from the upper surface of the test leaves with moist absorbent cotton, the 
same type of injury was visible the following morning as appeared after 
similar treatment in experiment I conducted at 50° P. All of the check 
leaves were similarly wiped but in no case did any injury appear on them. 
Here again the injury was more pronounced on the mature leaves. Photo- 
synthesis failed to recover following the spray removal on November 8 
from the upper surface or after November 9 when the spray deposit was 
removed from the lower surface. The data in table II and figure 1-B show 
that the rate of transpiration, however, was reduced even farther following 
the appearance of injury on the foliage. 

The results of this experiment indicate a definite reduction in both 
photosynthesis and transpiration following applications of Bordeaux mix- 
ture 4-6-100. These reductions persisted even though the spray sediment 
was eventually removed. As in experiment I, the operation of spray re- 
moval brought about the appearance of visible injury apparently instigated 
by Bordeaux mixture but made visible only after wiping the upper surface 
of the test leaves with moist absorbent cotton. 

Experiment III (temp. 70° P.) 

In order to determine the critical temperature for the appearance of 
injury following spray removal, as shown in experiments I and II, the tem- 
perature for this experiment was raised to 70° P. where it was held constant 
throughout the experiment. The two Stayman Winesap apple trees, each 
of which bore a single shoot, had not set terminal buds. Since one of the 
test leaves was broken midway through the experiment, the data in table 
III and figure 1-C represent the average of only five test leaves, and the 
usual six check leaves. A relationship between the check and test leaves 
was established from August 29 to September 2. Three applications of a 
4-6-100 Bordeaux were made on the evenings of August 2, 5, and 7, then 
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TABLE III 

The iKFiiuENCJE OF Bordeaux mixture 4-6-100 on the rate of photosynthesis and 

TRANSPIRATION OF STAYMAN APPLE LEAVES 

Temperature — 70® F. 

Average foot candles on check leaves — 1220 
Average foot candles on test leaves — 1400 
Average Vapor pressure — 5.56 mm. of Hg 


Date 

1939 

Apparent photosynthesis 

TRANSPIEATiaN 

COa/100 CM.V 
hour 

Ex- 
pected 
rate 
Ax 100 
B 

Per- 
centage 
OF ex - 
pected 

RATE 

C X 100 

H,O/100 CM.V 
HOUR 

Ex- 

pected 

RATE 

Ex 100 
F 

Per- 
centage 
OF ex- 
pected 
rate 
GxlOO 

Test 

Check 

Test 

Check i 

148* 

166* 

A 

B 

C 

D 

E 

F 

G 

H 


mg . 

mg . 


% 

gm . 

gm . 


% 

Aug. 29 a.m. 

25.77 

15.55 

166 

112 

1.93 

1.55 

125 

1 108 

29 P.M. 

19.65 

12.75 

. 154 

104 



1 


30 A.M. 

19.69 

14.68 

134 

91 

1.43 

1.24 

115 

99 

30 P.M. 

22.38 1 

15.36 

146 

99 

1.96 

1.56 

126 

109 

31 A.M. 











31 P.M. 

19.04 i 

14.15 

135 

91 

1.26 

1.22 

i 103 

89 

Sept. 1 A.M, 

23.10 

17.10 

135 

91 ! 

1.10 

0.80 

: 138 

119 

1 P.M. 

i 




1.00 

0.96 

1 104 1 

90 

2 P.M. 

20.23 

1^80 

163 

110 

2.09 

2.04 

102 

88 

Average 


1 

148* 

‘ 100 



116* 

100 

3 A.M. 

22.69 

17.22 1 

132 

1 89 

0.91 

1.11 

82 

71 

3 P.M, 

15.44 

10.71 

144 

97 

1.98 

2.26 

88 

76 

1st 4 A.M. 

20.29 

12.83 

158 

107 






spray 4 p.m. 

28.04 

21.39 

131 

89 

1.82 

1.93 

94 

81 

5 A.M. 

23.20 

17.57 

132 

89 

0.70 

0.81 

86 

74 

5 P.M. 

19.21 

12.21 1 

157 

106 

1.66 

1.62 

102 

88 

6 A.M. 

28.82 

22.49 J 

128 

86 

0.81 

1.00 

81 

70 

2nd 6 p.m. 










spray 7 a.m. 

25.39 

17.41 

146 

99 

0.85 

0.85 

100 

’so 

7 P.M, 

24.06 

16.49 

146 

99 

1.76 

2.00 

88 

76 

8 A.M. 

26.78 

21.83 

118 

80 

0.75 

0.88 

85 

73 

8 P.M. 

21.09 

15.74 ' 

134 

91 

1.44 

1.57 

92 

79 

3rd 9 A.M. 

23.14 

18.88 

123 

83 

0.69 

0.71 

97 

84 

spray 9 p.m. 

19.57 

13.12 

149 

101 

1.41 

1.74 

81 

70 

10 a.m. 

25.97 

16.82 ' 

154 

104 

1.86 

2.00 

93 

80 

10 P.M. 

21.42 

15.87 1 

135 

91 

1.27 

1.20 

106 

91 

11 A.M.t 

22.80 

14.70 , 

155 

105 

2.08 

2.10 

99 

85 

11 P.M. 

20.22 

13.74 ' 

147 

99 ! 






12 A.M. 





1.99 

! 1.99 

100 

86 

12 P.M. 

15.81 

9.40 

168 

114' 

1.97 

1.77 

111 

96 

13 A.M. 

26.54 

16,71 

159 

107 

1.70 

1.61 

106 

91 

13 P.M, 

17.08 

13.18 

130 

88 

1.64 

1.38 

119 

103 


* See table I. 

t Spray removed from both eurfaceci. 

subsequently removed from both surfaces the night of September 10. 
Owing to the rather wide fluctuations in the daily percentage of expected 
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rates following applications of Bordeaux, no conclusive statement from 
this experiment may be made as to the effect of this spray on photosyn- 
thesis. Yet there seems to be little doubt that the trend in photosynthesis 
of the test leaves was downward following applications of Bordeaux 4r-G~ 
100. The fact that the rate of carbon dioxide absorption was, for the most 
part, above the expected rate after spray removal would indicate that this 
operation caused a recovery in photosynthesis, which is brought out more 
clearly in later experiments. No visible injury could be observed either 
before or after spray removal. 

Transpiration was noticeably decreased by treatment with Bordeaux 
mixture immediately after the first application when the rate was reduced 
29 per cent. The rate of water-vapor loss failed to recover to its pre- 
spray status until three days following removal of the spray deposit from 
both surfaces. 

The results of this experiment indicate perhaps a slight reduction in 
photosynthesis when compared with the reductions obtained in photosyn- 
thesis in experiments I and II. Transpiration, however, dropped more 
sharply after spraying in this investigation at 70° F. than in those at 50° 
and 60° F. discussed previously. 

Experiment IV (temp. 82° F.) 

Bordeaux is frequently applied in some sections of the country in the 
cover sprays for apple trees without the appearance of injury to either 
fruit or foliage. In an effort to determine the effect of Bordeaux 4-6-100 
on apple foliage under summer conditions, the temperature within the 
environmental-control chamber was held constant at 82° F. Owing to a 
sudden unexpected ‘‘burning out’’ of about half of the twenty-four 1000- 
watt light bulbs in the control chamber during this experiment, the light 
intensity on the test leaves averaged only 525 foot candles. 

The data presented in table IV and figure 2-D represent two daily 
2 J -hour determinations from six test and six check leaves selected from two 
vigorous Staymau apple trees. After a pre-spray relationship was estab- 
lished from September 16 to 19, Bordeaux 4r-6-100 was applied to both 
surfaces of the test leaves on the evenings of September 19, 22, and 25. 
Then on September 29 as much of the spray residue as possible was removed 
with moist absorbent cotton. According to figure 2-D the rate of photosyn- 
thesis appeared to be reduced slightly by two spray treatments. On the 
morning following the third spray api)lication, however, the rate of carbon 
dioxide absorption dropped sharply to 19 per cent, below the expected rate. 
This reduced rate of photosynthesis persisted until September 30, the day 
after spray removal. At this time the relative rate of carbon dioxide ab- 
sorption gradually rose until October 2 when photosynthesis approximately 
regained its pre-spray status. 
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Fig 2 The effect of Bordeaux mixture 4-6-100 at (D), 82° F., and (E), 100° F., 
on the rate of photosynthesis and transpiration of apple loaves. The lower graph (F) 
shows the influence of Bordeaux mixture 2-6-100 at 76° F. on leaf activity. 

Except on the morning of September 21, transpiration appeared to be 
reduced by applications of Bordeaux 4^100. The maximum reduction 
in the rate of water-vapor loss amountedt to 23 per cent, the morning of 
September 25, three days after the second spray application. The rate of 
transpiration never fully recovered until October 1, two days after the 
spray had been removed from both surfaces of the test leaves. 
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TABLE IV 

The influence of Bordeaux mixture 4-6-100 on the r\te of photosynthesis and 

TRANSPIRATION OF StAYMAN APPLE LEAVES 

Temperature — 82° F. 

Average foot candles on check leaves — 341 
Average foot candles on test leaves — 525 
Average vapor pressure— 24.31 mm. of Hg 


Date 

1939 

Apparent photosynthesis 

Transpiration 

COa/lOO CM.V 
hour 

Ex- 

PECTED 

RATE 

A X 100 

Per- 

centage 

OF ex- 
pected 

rate 

0x100 

HgO/lOO CM.V 
hour 

Ex- 

pected 

rate 
E x 100 

Per- 

centage 

OF ex- 
pected 

RATE 

GxlOO 

Test 

Check 

Test 

Check 

B 

F 

144* 

145* 


A 1 

i B 

0 

D 

E 

F 

G 

H 

1 

j 

mg. 

mg. 


% 

gm. 

gm. 


% 

Sept. 16 p.M. 

17.66 ! 

11.30 

156 

108 

2.91 

1.77 

164 

113 

17 a.m. 

15.28 

10.79 

142 

99 

3.20 

2.04 

157 

108 

17 p.M. 

16.28 

' 10.12 

161 

112 

1 2.78 

1.96 

142 

98 

18 A.M. 

19.67 

14.49 

136 

94 

4.08 

2.78 

147 

101 

18 P.M. 

1 21.08 

14.78 

143 

99 

3.41 

2.73 

123 

86 

19 A.M. 

1 26.89 

20.48 

1 131 

' 91 

3.44 

2.65 

130 

90 

19 P.M. 

17.93 

12.96 

138 

96 

2.55 

1.70 

150 

103 

Average ! 



144* 

100 



145* 

100 

20 A.M. j 

20.83 

14.59 

143 

99 

3.22 

2.57 

125 

1 86 

20 p.M. 

21.69 

16.41 

132 

92 

2.19 

1.73 

127 

1 88 

Ist 21 a.m. 

19.84 

14.15 

140 

97 

3.99 

2.59 

154 

106 

spray 21 p.m. 

1 17.52 

12.52 

140 

97 

2.32 

1.86 

125 

87 

22 A.M. 

I 17.35 

12.94 

134 

93 

3.30 

2.06 

127 

88 

22 P.M. 

11.80 

8.98 

131 

91 

2..1h 

2.14 

129 

89 

23 A.M. 

19.10 

14.13 

135 

94 

3.36 

2.72 

124 

86 

23 P.M. 

14.77 , 

11.76 

126 

88 

2.98 

2.41 

124 

86 

2nd 24 a.m. 

16.54 ’ 

11.98 

138 

96 

3.00 

2.62 

115 

79 

spray 24 p.m. 

16.68 

12.58 

133 

92 





25 A.M, 

15.23 1 

11.83 

129 

90 

3.26 

2.90 

1 112 

77 

25 P.M. 

11.00 

7.85 , 

1 

97 

2.25 , 

1.85 

1 j22 

84 

26 A.M. , 

13.26 

11.42 

116 

81 

3.76 

2.99 

126 

87 

26 P.M. 1 

18.51 

15.11 i 

123 i 

85 

2.51 

2.11 

119 

82 

27 A.M. J 

13.16 

11.43 1 

115 

80 

1.76 1 

1.38 

128 

88 

3rd 27 P.M. ^ 

15.66 

12.32 

127 j 

88 j 

1.51 

1.27 

119 

82 

sx>rav 28 a.m, , 





4.15 

3.25 

128 1 

88 

‘ 28 p.m. 

16.20 

13.20 

123 

85 

2.38 

1.75 

136 

94 

29 a.m, I 

I 15.89 

12.72 

125 

87 

2.89 

2.22 

130 

90 

29 P.M. 

14.32 

12.08 1 

119 

83 

2.09 

1.75 

119 

82 

30 A.M. 

24.36 

18.51 

132 

92 

3.18 

2.35 i 

135 

93 

30 p.m. 





2.95 

2.27 

130 

90 

Oct. 1 A.M.t 

18.87 

14.45 

131 

91 

2.58 

D78 

145 1 

100 

1 P.M. 

17.35 

12.09 

144 

100 

2.11 

1.53 

138 t 

95 

2 A.M. 

17.10 

11.70 

146 

101 






* See table I. 

t Spray removed from both sui faces. 
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As in experiment III, no visible injury was noted throughout this ex- 
periment, yet both photosynthesis and transpiration were reduced by 
Bordeaux 4r-6~100 applied at 82° F, 

Experiment V (temp. 100° F.) 

The temperature in this experiment is comparable with mid-day tem- 
peratures often occurring on hot days in July or August in the field. 

The data given in table V and figure 2-E represent only the average of 

TABLE V 

The influence of Boedeaux mixture 4-6-100 on the rate of photosynthesis and 
TRANSPIRATION OF StAYMAN APPLE LEAVES 
Temperature — 100® F. 

Average foot candles on check leaves — 1300 
Average foot candles on test leaves — 3667 
Average vapor pressure — 3.63 mm. of Hg 


Date 

1940 

Apparent photosynthesis 

Transpiration 

COa/100 CM.y 
hour 

Ex- 
pected 
rate 
Ax 100 
B 

Per- 

centage 

OF EX- 
PECTED 

rate 

CxlOO 

H,O/100 CM.V 
HOUR 

Ex- 
pected 
rate 
Ex 100 
F 

Per- 

centage 

OF EX- 
PECTED 

rate 

0x300 

Test 

Check 

Test 

Check 

182* 

168* 


A 

B 

C 

D 

E 

F 

G 

H 


mg. 

mg. 


% 

gm. 

gm. 


% 

Oet. 4 

29.05 

16,39 

177 

97 

5.61 

3,61 

155 

92 

5 

21.87 

30.50 

208 

134 

4.80 

2.64 

182 

108 

6 

21.81 

13.12 

166 

91 

7.90 

4.71 

168 

300 

7 

22.43 

12.74 

376 

97 





Average 



182* 

100 



168* 

100 

8 

19.70 

13.58 

345 

80 

4.78 

3.18 

150 

89 

1st 9 

16.57 

31.33 

146 

80 

4.29 

2.83 

352 

90 

spray 10 

20.32 

14.93 

137 

75 

4.84 

3.07 

358 

94 

11 

24.82 

17.80 

339 

76 

4.61 

2.47 

187 

111 

12 

21.30 

13.93 

153 

84 

3.92 

2.56 

153 

91 

33 

22.03 

14.67 

150 

82 





2nd 14 

24.24 

16.54 

147 

81 

5.86 

3.18 

184 

110 

spray 15 

20.10 

13.30 

351 

83 

3.62 

2.31 

153 

91 

J.O 

17 

19.74 

15.12 

131 

72 

4.26 

2.73 

156 

1 

93 

18 

25.10 

15.49 

162 

89 

5.32 1 

4.09 

130 

77 

3rd 19 

22.73 

15.85 

143 

79 





spray 20 

24.01 

14.91 

161 

88 

4.95 

3.01 

164 

i 98 

21 

20.11 

14.89 

135 

74 

4.31 

2.64 

163 

97 

22+ 

18.94 

9.90 

213 

117 

4.52 

2.76 

164 

98 

23 

38.24 

19.02 

201 

110 

4.12 

2.38 

173 

1 103 

241; 

30.59 

17.49 

175 

96 

4.13 

2.08 

199 

118 

25 




1 






* See table I. 

t Spray removed from the upper surface. 
t Spray removed from the lower surface. 
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five check as compared with the usual six test leaves, owing to the loss of a 
check leaf during the experiment. The Stayman Winesap trees used in this 
test were similar to those described in the previous experiment. After the 
pre-spray relationship had been established over four days, three applica- 
tions of Bordeaux 4-6-100 were made at four- and six-day intervals. As 
previously mentioned, the spray treatments were made in the early evening 
after the bank of lights in the chamber had been shut off. Only a single 
200-watt light was used during spray application. 

In contrast to the four experiments heretofore discussed the rate of 
photosynthesis was reduced rather markedly — 20 per cent, immediately fol- 
lowing the first spray. In previous experiments it may be remembered that 
the decrease in photosynthesis was small or questionable in some cases after 
the first spray ; a definite reduction was usually evident, however, after the 
second or third spray application. The curve representing percentage of 
expected rate of carbon dioxide absorption (fig. 2-E) levels off somewhat 
after the initial drop in photosynthesis following the first spray treatment, 
and was practically unchanged even after the second and third treatment 
with Bordeaux. The rate of transpiration was not significantly influenced 
except on October 18, the morning after the third spray application, when 
the rate of transpiration dropped 23 per cent. Photosynthesis had fully 
recovered two days later, however. If the experiment as a whole is con- 
sidered, it is apparent that transpiration was below its expected rate in nine 
out of eleven individual determinations after spray was applied to the test 
leaves. 

The removal of the spray residue from the upper surface of the test 
leaves the evening of October 21 brought about immediate recovery in 
photosynthesis the following morning. If anything, the rate of transpira- 
tion appeared to recover after the spray was removed from both surfaces of 
the leaves. It should be mentioned that there were no signs of visible injury 
either before or after the removal of the spray deposit. 

From this experiment and those conducted at 70° and 82° F. it seems 
evident that applications of Bordeaux 4-6-100 will reduce the rate of photo- 
synthesis and transpiration of apple leaves even in the absence of visible 
injury. The fact that photoysnthesis fully recovered after the removal of 
the spray residue from the upper surface only, indicates that it is largely 
through the upper leaf surface that Bordeaux mixture causes a reduction 
in the rate of carbon dioxide absorption. 

Experiment VI (temp. 75° P.) 

It is often the custom to use a 2-6-100 Bordeaux in the orchard spray 
program. Hence, the effect of this more dilute mixture of Bordeaux on leaf 
metabolism was studied. 
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A single Stayman Winesap apple tree was selected for this investigation 
since there were present a sufficient number of desirable leaves on the one 
vigorously growing shoot. Data given in table VI and figure 2~F represent 

TABLE VI 

The influence of Bobdeaux mixture 2-6~100 on the rate^of photosynthesis and 

TRANSPIRATION OF StATMAN APPLE LEAVES 

Temperature — 75® F. 

Average foot candles on check leaves — 1050 
Average foot candles on test leaves — 81 2 
Average vapor pressurf. — 10.97 mm. of Hg 


Bate 

1940 

Apparent photosynthesis 

Transpiration 

COj/100 CM.V 
hour 

Ex- 

pected 

rate 

A X 100 

Per- 
centage 
OF EX- 
PECTED 
RATF 

HjO/IOOcm.V 

hour 

Ex- 

pected 

RATE 
Ex 300 

Per- 

centage 

OF EX- 
PECTED 
RATE 







Test 

Check 

B 

0x300 

Test 

Check 

F 

G X 100 





312* 




104* 



A 

B 

C 

1 D 

E J 

F 

0 

H 




mg/. 


% 

gm. 

gm. 


% 

Feb. 

19 

19,70 

16.85 

117 

104 

2.44 

2.42 

101 

97 


20 

20.48 1 

18.70 

no 

98 

1.29 

1.35 

96 

92 


21 

19.50 1 

18.32 

106 

95 

1.70 

1.56 i 

1 109 

105 


22 

16.33 1 

I 14.50 

113 

101 

1.50 

1.35 i 

1 in 

107 

Average 



112* 

100 



304* 

100 


23 ' 

13.56 

13.95 

1 97 

, 87 

1.60 

1.70 

94 

90 

XBC 

24 

17.53 

17.21 

102 

' 91 

1.52 

1.42 

107 

103 

spray 

25 

17.49 

17.80 

' 98 

88 

1.44 

1.52 

95 

91 


26 

19.98 

20.44 j 

98 

88 

1.40 

1.45 

97 

93 

JUG 

27 

15.27 

15.45 1 

99 

88 

1.72 

1.81 

95 

91 

spray 

28 

14.85 

15.26 

97 

87 

1.89 

1.90 

99 

95 


29 

13.94 

15.74 

89 

79 

1.34 

1.56 

86 

83 

Mar. 

1 





1.30 

1 1.29 

101 

97 

3rd 

2 

10.12 

11.12 

91 

81 

1.51 

1 1.57 

96 

92 

spray 

3 

10.94 

12.27 

89 

79 

1.62 

1.63 

99 

95 


4t 

12.39 

12.19 

102 

91 

1.70 

1.65 

103 

99 


5 

15.27 

14.69 

104 

93 

3.73 

1.66 

304 

' 100 


* See table I. 

t Spray removed from both surfaces. 

the average of five check leaves and six test leaves. A relationship was 
established between the rates of photosynthesis and transpiration of the 
test and check leaves from February 19 to 22. Applications of Bordeaux 
2-6-100 were made on the evenings of February 22, 25, and 29. It is appar- 
ent from table VI and the graph in figure 2-F that a gradual reduction in 
photosynthesis occurred following each application of spray. On February 
29, after three applications of Bordeaux 2-6-100, photosynthesis was re- 
duced 23 per cent. The transpiration rate was affected in a similar manner 
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but to a somewhat lesser degree. Here again, as in all experiments con- 
ducted at 70° F. and above, the removal of the spray residue brought about 
a definite recovery in photosynthesis. Two days after spray removal the 
rate of carbon dioxide absorption was but 6 per cent, lower than the ex- 
pected rate. Transpiration also recovered following spray removal but as 
shown in figure 2-F the rate of transpiration had begun to recover on 
March 1, three days prior to spray removal. That photosynthesis tends to 
recover in 10 days to two weeks after a single application of Bordeaux is 
shown later in experiment X. 

The data presented in this experiment indicate a reduction in photo- 
synthesis and transpiration of apple leaves treated three times at 100° F. 
and at relatively short intervals with Bordeaux 2-6-100. This decrease, 

TABLE VII 

The iNFLt ENCE OF Bordeaux mixture 4-6-100 on the rate of photosynthesis and 

TRANSPIRATION OF STAYMAN APPLE LEAVES GROWING UNDER LOW WATER CONDITIONS 

Temperature — 85° F. 

Average foot candles on check leaves — 1352 
Average foot candles on test leaves — 1708 
Average vapor pressure — 15.11 mm. of Hg 


Dvte 

1940 

Apparent photosynthesis 

Transpiration 

OO2/IOO CM.V 
hour 

Ex- 

pected 

RATE 
Ax 100 

B 

Per- 

centage 

OF EX- 
PECTED 

R\TE 

CxlOO 

94* 

11,0/100 CM.V 
HOUR 

Ex- 

pected 

RVTE 
Ex 100 

F 

Per- 
centage 
OF ex- 
pected 

RATE 

GxlOO 

305* 

Test 

Ciie(’k 

Test 

Check 


A 

1 _ 

B 

C 

I) 

E 

P 

G 

H 

1 

, 

mg. 

! 

% 

gm. 

gm. 


% 

June 20 

22.27 

23.88 

93 

99 

3.08 

3.16 

97 

91 

21 

19.52 

19.98 

98 

104 

3.29 

2.99 

110 

105 

22 

21.80 

j 23.44 

93 

101 1 

, 3.77 

1 3.58 

105 I 

1 100 

23 







1 


24 

26.28 

i 26.61 

99 

105 

3.42 

1 3.21 

107 ' 

102 

25 

18.48 

21.43 

86 

92 

2.59 

2.46 

105 

100 

A\ eragc , 



94* 

100 

1 



105* 

100 

26 

7.43 

9.80 

76 , 

1 1 

1.92 

i 1.64 

117 

111 

1st 27 

7.55 

1 10.38 

73 ' 

‘ 78 

1.14 

1.07 

107 

102 

spray 28 





1.33 

1.21 

110 

105 

29 

10.71 

14.51 

74 

79 

2.35 

2.32 

101 

96 

9-/1 1 

4.56 

7.18 

64 

68 

2.05 

1 2.16 

95 

90 


8.66 

10.94 

79 

84 

2.00 

2.12 

94 

90 

2 1 

10.61 

13.10 

81 

86 





o ^ 3 

4.74 

7.44 

64 

68 

1.30 

1.26 

103 

98 

3rd 4 

10.27 

17.24 

60 

64 

1.96 

1.85 

94 

90 

spray 5 

3.25 

5.40 

60 

64 

1.74 

1.82 

96 

91 


See table 1. 
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however, was not markedly different from that observed following a similar 
number of sprays of Bordeaux 4-6-100 to apple foliage maintained at tem- 
perature of 70® P. 

BxpiauMENT VII (temp. 85® P.) 

Several investigators (3, 29) have observed that Bordeaux sprayed 
plants growing under drought conditions were stunted, wilted, or suffered 




Pio. 3. (G) and (H). The effect of Box^^nx mixture 4-6-100 on the rate of 

photosynthesis and transpiration of apple leaves growing under drought conditions. 
(1). The effect of Bordeaux mixture 4-6-100 on the rate of photosynthesis and trans- 
piration of apple leaves when sprayed separately on the upper and lower surfaces* 
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other deleterious effects not noted on similar unsprayed plants growing 
under identical conditions. It is generally assumed that such growth 
responses instigated by Bordeaux were correlated directly with an in- 
creased rate of transpiration. The results obtained in this experiment show 
how a young apple tree growing under low water conditions responded in 
leaf activity when sprayed with Bordeaux. A single Stayman Winesap 
tree bearing two vigorous shoots was employed in this investigation. Before 
any spray was applied the soil was allowed to dry until the leaves showed 
signs of wilting. Every evening sufficient water was added to the soil so 
that the leaves regained turgidity and remained so at least for the duration 
of the test the following morning. 

When a relationship had been established between the check and the test 
leaves a spray of Bordeaux 4-6-100 was applied, as in all previous experi- 
ments, to the test leaves on June 25, June 29, and July 2. It may be seen 
in table VII and figure 3-G that the rate of carbon dioxide absorption was 
immediately reduced 20 per cent, by the fibrst application of spray. After 
this initial reduction in photosynthesis, the level of carbon dioxide absorp- 
tion remained approximately the same until the morning following the 
second spray when a 32 per cent, reduction occurred. The rate of carbon 
dioxide absorption partially recovered on July 1 but dropped again the 
next day and remained about 25 per cent, below the expected rate after the 
tliird spray. 

In contrast to all previous experiments, the rate of transpiration rose 
slightly the day following the first application of Bordeaux. This slight 
increase was only temporary, however, for there was no other significant 
change in the rate until after the second spray treatment when a 10 per 
cent, decrease was measured. This minor reduction in w^ater-vapor loss 
persisted for the remainder of the experiment. At no time during this 
experiment did the test leaves appear to wilt before the neighboring 
unsprayed leaves on the same shoot, or vice versa. 

Experiment VIII (temp. 85° F.) 

To check the validity of the results obtained in experiment VII the entire 
investigation was duplicated, as nearly as possible, in this experiment. As 
in experiment VII this Stayman Winesap tree possessed two vigorously 
growing shoots, on which the test leaves were alternately selected for the 
study. 

The data given in table VIII and figure 3-H represent the average 
values of photosynthesis and transpiration for six test and six check leaves 
during 2J-hour daily determinations. It is evident from figure 3-H that 
photosynthesis was reduced markedly by a single application of Bordeaux 
4-6-100 under drought conditions. In fact, by July 16, three days after 
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TABLE VIII 

The iJsrFLUENOB of Bordeaux mixture 4-6-100 on the rate of photosynthesis and 
TRANSPIRATION OF STAYMAN APPLE LEAVES GROWING UNDER LOW WATER CONDITIONS 

Temperature — 85® F. 

Average foot candles on check leaves — 1640 
Average foot candles on test leaves — 1513 
Average vapor pressure — 15.11 mm. of Hg 



Apparent photosynthesis 


Transpir\tion 






Per 




Per- 


COs/100 CM.V 

Ex- 

CFNT\GE 

H.O/lOO CM.V 

Ex- 

CENTAQE 


HOUR 

PECTED 

OF FX- 

HOUR 

PECTED 

OF EX- 

Date 



RATE 

PECTED 



RATE 

PECTED 

1940 



K j 1 nf\ 

RATE 



Ex 100 

RATE 



f" ' 

A. J 




Test 

Check 

B 

CxlOO 

Tfst 

Che( k 

F 

GxlOO 





100* 




108* 


A 

B 

C 

D 1 

E 

F 

G 

L 

H 


mg. 

mg. 


% 

gm. 

gm. 

r 

% 

July 11 1 

6.67 

6.84 

98 

98 

1.29 

1.11 

116 

107 

12 

13.56 

13.34 

102 

102 

1.24 

1.18 

105 

97 

13 

12.06 

12.07 

100 

100 

1.19 

1.15 

103 

95 

j 

Average i 

1 

1 

1 

100* 

100 



108* 

100 

Iflt 1 

7.64 1 

! 8.45 

90 

90 

0.83 

0.93 

89 

83 


6.57 1 

8.37 

78 

1 78 

0.88 

1 0.65 

135 

125 

spray jQ 1 

3.21 

5.20 

62 

62 

0.69 

' 0.84 

82 

76 


4.02 

6.38 

63 

63 

0.71 

0.80 

89 

82 

18 

9.11 

11.66 

78 

78 

1.61 

1.63 

99 

92 

spray 









3rd 20 









spray 21 

5.86 

7.64 

79 

79 

1.87 

2.05 

91 

84 


* See table I. 


treatment, a 38 per cent, reduction in carbon dioxide absorption ensued. 
Although photosynthesis partially recovered two days after the second 
spray, as it did in experiment VII, photosynthesis still remained 20 per 
cent, below the expected rate for the duration of this experiment. 

In experiment VII, a slight increase in transpiration was noted the 
first day following treatment with Bordeaux 4-6-100. In contrast to those 
results the rate of water-vapor loss was reduced the day after an applica- 
tion of spray in this investigation, but rose 25 per cent, above the expected 
rate the second day after treatment. This marked rise was only temporary, 
however, for the transpiration rate fell below the expected rate on the next 
day, July 16, where it remained after two additional Bordeaux sprays. It 
should be remembered that since the absolute rates of transpiration were 
extremely low in this experiment, ofteij less than 1 gm. per 100 sq. cm. per 
hour, slight changes in the transpiratidn rate seem great when expressed 
on a percentage basis. 

A comparison of the graphs for experiments VII and VIII in figure 
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3~G and 3-H shows that although the curves for the two experiments are 
not identical the trends of both photos 3 nithesis and transpiration are sim- 
ilar, The results of these two investigations indicate that probably several 
of the deleterious effects of Bordeaux mixture on plants growing under 
drought conditions (28) are not entirely due to a greatly increased trans- 
piration rate but, at least in part, to a reduced rate of photosjoithesis. 

Experiment IX (temp. 75° P.) 

In experiments III, IV, and VI both photosynthesis and transpiration 
completely recovered when the spray deposit was removed from both leaf 
surfaces. The results of experiment V indicate, however, that the spray 
residue on the upper surface was largely responsible for reduction in the 
rates of these two processes following applications of Bordeaux mixture to 
both leaf surfaces. 

This experiment was designed to determine whether the spray material 
on the upper, lower, or both surfaces was primarily important in inducing 
the lowered rates of photosynthesis and transpiration observed previously. 

The data for this experiment given in table IX and figure 3~I represent 
the average rates of carbon dioxide absorption and transpiration of six test 
and six check leaves. The tree selected was a Stayman Winesap bearing 
two vigorously growing shoots. 

After the usual pre-spray relationship was established between the 
check and the test leaves, Bordeaux 4-6-100 was sprayed on the lower sur- 
face of the test leaves on March 31, April 3, and April 7. The rates of both 
photosynthesis and transpiration were not significantly influenced by these 
three treatments. Consequently, the upper surface of the test leaves was 
sprayed with Bordeaux 4-6-100 on April 11, 13, and 17. The rate of carbon 
dioxide absorption gradually dropped succeeding each application of spray 
material to the upper surface. By April 18, the day following the third 
treatment to the upper surface, the photosynthetic rate was 22 per cent, 
below the expected rate. The transpiration rate, which was unaffected by 
three sprays of Bordeaux applied to the lower surface, was lowered some- 
what by an equal number of sprays to the upper surface. 

It was interesting to note that the removal of the spray deposit from 
the upper surface brought about an immediate recovery in both photosyn- 
thesis and transpiration (table IX, fig. 3-1). It is evident from the results 
of this experiment that the influence of Bordeaux in lowering the rates of 
photosynthesis and transpiration of apple leaves was brought about largely, 
if not completely, by spray material residing on the upper leaf surface 
rather than by spray residue existing on the lower surface. 

Experiment X (temp. 70° F.) 

Amos (1) observed that although the rate of photosynthesis of grape, 
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TABLE IX 

The influence op Boedeaux mixtuee 4-6-100 on the eate of photosynthesis and 

TEANSPIEATION OF StAYMAN APPLE LEAVES 

Tbmpeeatueb — 75® F. 

AvBEAGE FOOT CANDLES ON CHECK LEAVES — 1169 
Aveeaob foot candles on test leaves — 1372 
Aveeage vapoe PEESSUEE — 10.97 MM. op Hg 


Date 

1940 

Apparent photosynthesis 

Transpiration 

COj/lOO CM.*/ 
HOCB 

1 

Ex- 

pected 

RATE 

Ax 100 
B 

Per- 

centage 

OP EX- 
PECTED 
RATE 

CxlOO 

120* 

H„O/100 CM.V 
hour 

Ex- 

pected 

RATE 

Ex 100 
F 

Per- 
centage 
OF ex- 
pected 

RATE 

GxlOO 

114* 

Test 

Check 

Test 

Check 

A 

B 

C 

D 

E 

F 

G 

H 



mg. 

mg. 


% 

gm. 

gm. 


% 

Mar. 

29 

24.69 

20.03 

123 

103 

2.04 

1.71 

119 

104 


30 

19.38 

16.36 

118 

98 

1.85 

1.55 

119 

104 


31 

19.95 

16.74 

119 

99 

1.97 

1.87 

105 

92 

Average , 



120* 

100 



114* 

100 

Apr. 

1 ! 

19.23 

15.84 

121 

101 

1.64 

1.45 

113 

99 

1st 

2 

21.18 

17.39 

122 

102 

1.58 

1.58 

100 

88 

spray 

3 

14.71 

13.00 

113 

94 

1.97 

1.64 

120 

105 

lowerj 

4 

21.28 

17.08 

125 

104 

2.06 

1.89 

109 

96 

2nd 

5 

22.03 

18.00 

122 

102 

2.08 

1.72 

121 

106 

spray 

6 









lower} 

7 

16.14 

13.29 

121 

101 

2.17 

1.92 

113 

99 

3rd 

8 

16.47 

13.03 

126 

105 





spray 

9 

20.99 

16.85 

125 

104 

1.93 

1.73 1 

112 

98 

lower} 

10 

21.99 

17.64 

125 

104 

1.46 

1.33 1 

110 

96 

let 

11 

22.83 

19.99 

i 114 

95 

1.22 

1.25 

106 

93 

spray 

12 

20.53 

18.36 

112 

93 

1.51 

1.52 1 

99 

87 

upper} 

13 

15.95 

13.85 

115 

96 

1.72 

1.57 ' 

110 

96 


14 

18.96 

16.65 

114 

95 

1.56 

1.68 

93 

82 

^nu 

15 

14.57 

12.74 

114 

95 

1.69 

1.66 

102 

89 

spray 

16 

18.91 

18.16 

104 

87 

1.57 

1.51 

104 

91 

upper} 

17 

13.81 

[ 

13.94 

99 

83 

1.32 

1.14 

116 

102 

3rd 

18 

15.29 

* 16.25 

94 

78 

1.50 

1.54 

97 

' 85 

spray 

19 

14.21 

13.85 

103 

86 

1.67 

1.57 

106 

98 

upper} 

20 

13.70 

14.05 

98 

82 

1.59 

1.64 

97 

85 


21t 

24.85 

21.02 

118 

98 

2.05 

1.77 

116 

102 


22 










23 

15.97 

13.58 

118 

98 

1.95 

1.78 

110 

96 


24 

20.56 

15.78 

130 

108 

1.81 

1.69 

107 

94 


25t 

20.06 

17.53 

114 

95 

1.87 

1.64 

114 

100 


26 

20.61 

16.13 

128 

107 

1.51 

1.42 

106 

93 


♦See table L 

f Spray removed from the upper surface. 
t Spray removed from the lower surface. 

$ Bil^r upper or lower surface of the leaf as indicated. 
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hop, and Jerusalem artichoke was reduced temporarily by a spray of Bor- 
deaux mixture, the carbon dioxide absorption eventually completely recov- 
ered. An effort was made in this experiment to determine whether such a 
recovery followed applications of Bordeaux mixture to apple foliage, if 
adequate time were allowed between spray applications. 

A single Stayman Winesap tree bearing two shoots which had not set 
terminal buds was employed in this experiment. The data are given in table 
X and figure 4-J. A pre-spray relationship between the check and test 

TABLE X 

The influence op Bordeaux mixture 4-6-100 on the rate op photosynthesis and 

TRANSPIRATION OP STAYMAN APPLE LEAVES 

Temperature — 70® F. 

Average foot candles on check leaves — 2268 
Average foot candles on test leaves — 2226 
Average vapor pressure —9.47 mm. op Hg 



Apparent photosynthesis 

Transpiration 





Per- 




Per- 


COa/100 CM.*/ 

Ex 

centage 

HsO/lOO CM.*/ 

Ex- 

centage 

Date 
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HOUR 

pected 

OP EX- 

HOUR 

pected 

OP EX- 



rate 
Ax 100 

PECTED 

RATE 



RATE 
Ex 100 

pected 

RATE 
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B 

CxlOO 

Test 
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F 

GxlOO 





112* 




109* 


A 

B 

C 

D 

E 

F 

G 

H 


mg. 

mg. 


% 

gm. 

gm. 


% 

May 18 

27.77 

25.43 

109 

97 

2.54 

2.37 

107 

98 

19 

26.94 

24.08 

112 

100 

2.95 

2.73 

108 

99 

20 

26.85 

23.46 

114 

102 

1.58 

1.42 

111 

102 

Average 



112* 

100 



109* 

100 

21 

26.94 

26.50 

102 

91 

2.15 

1.89 

114 

105 

22 

22.83 

22.75 

100 

89 

2.11 1 

2.15 

98 

90 

let 23 

j-st 24 

21.34 

20.35 

105 

94 

2.31 

2.16 

107 

98 

spray 25 

20.47 

20.99 

98 

88 

2.14 ‘ 1 

2.10 

102 

93 

29 

18.32 

16.11 

114 

102 

2.01 

1.89 

106 

97 

30 

20.59 

18.54 

111 

99 

1.89 ; 

1.89 

100 

92 

31 

21.54 

22.88 

94 

84 

1.58 

1.53 

103 1 

94 

June 1 

19.45 1 

! 19.60 

99 

88 

1.77 

1.79 

99 

91 

2nd 1 

19.74 

19.98 

99 

88 

2.05 

1.93 

106 

97 

20.94 ' 

21.54 

97 

87 

1.89 

1.92 

98 

90 

spray ^ 

22.62 1 

21.99 

103 

92 

1.62 

1.54r 

105 

96 

15 

16.99 1 

16.33 

104 

93 

2.10 

2.21 

95 

87 

16 

16.98 

14.41 

118 

105 

2.18 

1.85 

117 1 

107 


^ See table I. 


leaves was obtained in three days, after which a spray of Bordeaux 4-6-100 
was applied to both surfaces of the test leaves on May 21. A 10 per cent, 
reduction in photosynthesis ensued and remained until May 29 when the 
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Fig. 4. The effect of (J), Bordeaux mixture 4-6-100, (K), hydrated lime 0-6-100, 
and (L), copper sulphate 4-0-100, on the rate of photosynthesis and transpiration of 
apple leaves. 

rate of carbon dioxide absorption had completely recovered. On May 30 an- 
other application of Bordeaux lowered the rate of photosynthesis 16 per 
cent, on May 31. The rate of carbon, dioxide absorption continued 
below the expected rate until June 16, which was 17 days after the second 
application. At this time photosynthesis had again completely recovered. 
Transpiration was not influenced appreciably by Bordeaux mixture in this 
experiment although the rate was consistently below the expected rate. 
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The evidence presented in this experiment and also that obtained bj 
Amos (1) adds support to the belief that the influence of Bordeaux in re- 
ducing? the photosynthesis is only temporary and, consequently, more physio- 
logical than mechanical. 

Experiment XI (temp. 75° F.) 

Investigators are not in absolute accord as to whether the lime or the 
copper sulphate fraction in Bordeaux mixture is responsible for the influ- 
ence of this spray on both photosynthesis and transpiration. Thus, the effect 
of a 0-6-100 hydrated lime spray on these two processes was studied Jn this 
experiment. 

A single Stayman Winesap apple tree bearing two rapidly growing shoots 
was selected. Tlie data obtained are presented in table XI and figure 4-K. 

TABLE XI 

The INFLITEN( E OF HYI)R\TKD LLME 0-(W00 ON THE RATE OF PIIOTOSNYTHESIS AND 
TR\NSP1R VTION OF STAYMAN APPLE LEWES 

Temperati re — 75° P. 

AVERAOE foot CVNDLES OF CHK(’K LEAVES — 1617 

AvER\GE foot t VNDLES ON TEST LEAVES — 1616 

Aver \ge vapor pressttrk — 10.97 mm. of Hg 


Bate 
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R\TE 
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n 
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1 

A 
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1 
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B 

E 
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n 
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1 
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% 
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% 

April 3(1 

21.98 

19.(i7 

112 

105 





May 1 

28.12 

27.(50 

102 

95 

2.28 

2.07 

no 

105 

o 

18.66 1 

1 16.85 

in 

104 

1.90 

1.84 

103 

98 

5 

17.55 

16.81 

104 

97 

1.79 

1.72 

104 

99 

4 

17.25 

16.43 

105 

98 

1.98 

1.94 

102 

97 

A\orage 


1 

107* 

100 

1 


105* 

100 

1st 

22.13 

22.09 

100 

93 

2.68 

2.66 

101 

96 

J Si 

16.92 1 

17.60 

96 

90 

1.85 

2.09 

89 

85 

spiay j 

23.17 

21.57 

107 

100 

1.53 

1.46 

105 i 

100 

8 t 





1.60 1 

1.59 1 

101 

96 


18.24 

17.16 

106 

99 

1 

2.09 1 



10 

21.80 

21.22 

103 1 

96 

1.85 


89 t 

85 

spray ^ 

24.50 

22.81 

107 

100 

1.87 1 

1,82 

92 1 

88 

12 

23.29 

21.56 

108 

101 

2.14 

2.33 

92 

88 

q«;s 13 

23.47 

22.11 

106 

99 

2.11 

2.16 

98 

93 

3rd 

16.19 

15.10 

107 

100 1 

1.47 

1.51 

97 > 

92 

spray jg 

1 14.01 

13.32 

105 

98 ! 

1.64 

1.61 

102 1 

97 


See table I. 
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They represent, as in previous experiments, the average photosynthesis and 
transpiration of six check and test leaves. After the pre-spray relationship 
was established the test leaves were sprayed with a 0-6-100 hydrated lime 
on May 4, 7, and 12. 

The curve for photosynthesis presented in figure 4-K shows that sprays 
of hydrated lime had perhaps a slight effect on this leaf process shortly after 
the first spray but later there was no significant effect. This effect of hy- 
drated lime may have been due to its alkalinity (16). Transpiration, how- 
ever, was reduced 15 per cent, by May 10, three days after the second spray 
application. The rate of loss of water-vapor gradually" recovered from this 
low value until May 15 when the rate of transpiration was within 3 per cent, 
of the expected rate. There w’as no injury apparent during this experiment. 

TABLE XII 

The influence of copper sulphate 4-0-100 on the rate of photosi nthesis and 

TRANSPIRATION OF STAYMAN APPLE LEAVER 
Temperature — 75° F. 

Average foot candles on check leaver — 1034 
Average foot candles on test leaves — 1575 
Average vapor pressure — 10.97 mm. of Ilg 


D\te 

1940 

A PPARENT PHOI’OSYNTHESIS 

Transpiration 

COj/lOO CM.V 
HOUR 

Kx 

prt ted 

R\TE 

Ax 100 
B 

Per- 

centage 

OF EX 
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C X 100 
150* 

n.o/ioo 1 M.y 
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F 
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pfcted 
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G vlOO 

129* 
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Check 

Test 

Check 


A 

B 

C 

B 

E 

F 

(1 

II 


mg. 

mg. 


% 

gm. 

gm. 


% 

Feb. 3 

\ 20.19 

13.87 

146 

97 I 

1 1.24 

0.93 

13.{ 

103 

4 

14.66 

9.30 

' 156 

104 1 

1 1.84 1 

1.45 i 

127 

98 

5 

13.74 

9.31 ! 

1 148 

99 

1.52 

1.20 

127 1 

98 

Average 



150* ' 

‘ 100 

1 

1 

129* 

100 

6 

14.16 

10.57 

134 1 

1 89 

1.84 

1 1-57 

ni 1 

91 

3 St 7 

i 12.43 I 

8.23 

151 

101 

0.88 

' 0.67 

331 

102 

spray 8 

12.71 

9.20 

138 

92 j 

1.67 

1.32 

127 

98 

9 

15.37 

12.84 

120 

80 

1.60 

1.44 j 

111 1 

86 

10 

17.55 

14.21 

124 

83 1 

1 1.78 

1.56 I 

114 1 

88 

2nd 11 

19.02 

15.82 

120 

80 

1.72 

1.42 

121 

94 

spray 12 

8.72 

7.46 

117 

78 

! 1.64 

1.51 

109 1 

84 

13 

11.15 

9.39 

119 

79 

2.03 

1.69 

120 

93 

3rd 14 

9.32 

, 7.84 

119 

79 

1.73 

1.56 

111 

86 

spray 15 

18.73 ' 

11.41 

120 

80 

2.39 

2.12 

113 

88 

16t 

11.95 ^ 

10.82 

110 

7S. 

1.63 

1.31 

124 

96 

17 

13.09 

10.36 

326 

1 

84 

1.79 

1.58 

113 

88 


* Siee table I. 

t Apt&y Fomov^d from both surfaces. 
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Experiment XII (temp. 75° P.) 

This investigation was designed to determine how copper sulphate 
4-0-100 affects photosynthesis and transpiration of apple leaves. Two of 
the three Stayman trees employed were growing in a dark clay loam soil, 
while the third tree was rooted in a sandy loam. All trees had formed ter- 
minal buds. According to the usual manner, the six check and six test leaves 
were evenly distributed over these three trees. 

The data as given in table XII and figure 4-H show that by February 9, 
four days after the first application of a 4-0-100 spray the rate of photo- 
synthesis was reduced 20 per cent. No visible copper injury on the test 
leaves was evident at this time. Injury appeared, however, after the second 
copper sulphate spraj". On February 11 purple spots similar to those de- 
scribed by Crandall (7) were visible on the upper surface of most of the 
sprayed leaves. The rate of carbon dioxide absorption by the leaves, how- 
ever, was not reduced further even after the appearance of this visible injury 
or by a third spray of copper sulphate. 

As figure 4-L also shows, the influence of copper sulphate on transpira- 
tion was quite similar to its effect on photosynthesis but the reduction was 
of a lesser magnitude. On February 15, both surfaces of the leaves were 
wiped with moist absorbent cotton. No significant change in either photo- 
synthesis or transpiration followed this operation. 

The results obtained on the influence of hydrated lime and copper sul- 
phate on photosynthesis indicate that the reduced rate of carbon dioxide 
absorption following applications of Bordeaux is due primarily, if not en- 
tirely, to the presence of copper in the Bordeaux mixture. Transpiration, 
however, appears to be lowered by both copper sulphate and hydrated lime. 

Discussion 

From the results presented in this paper it seems apparent that Bordeaux 
mixture has at least a temporary retarding influence on the rate of photo- 
synthesis of apple leaves. Regardless of the temperature, humidity, light 
intensity, or soil moisture conditions photosynthesis was eventually more or 
less reduced by applications of Bordeaux. However, in the absence of vis- 
ible injury, such as that which occurred on the Bordeaux sprayed leaves at 
temperatures of 50 and 60° F., the rate of photosynthesis completely recov- 
ered whenever the Bordeaux residue was removed from the treated leaves. 
Hoffman (14) also noticed that when photosynthesis was reduced by ap- 
plications of Bordeaux mixture to apple foliage, the rate of carbon dioxide 
absorption recovered to its pre-spray relationship following spray removal. 
He suggested that the shading influence of this spray material probably was 
sufficiently great to retard the rate of photosynthesis. In an effort to deter- 
mine what effect residues of Bordeaux mixture and its component parts have 
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in reducing the intensity of light falling on a leaf, three sprays of Bordeaux 
4-6-100, hydrated lime 0-6-100, and copper sulphate 4-0-100 were applied 
to separate sheets of cellulose acetate and the intensity of light passing 
through the residues and sheeting was measured with a Weston photometer. 
The results are given in table XTII. 


TABLE XIII 

The effect of deposits of Bordeaux mixture and its component parts on the 


AMOUNT OF LIGHT PASSING THROUGH 

A sheet op cellulose acetate paper 


t PeR(’RNT\OE UEDTK’TION in LIGHT INTENSITY 

Number of 

SPR\Y& 

Bordeaux 

4-()-100 

Hydrvted lime 
O-G-lOO 

Copper 

sitlphate 

4-0-100 


% 

% 

% 

1 

14.8 

12.3 

0.0 

2 

22.5 

17.5 

1.3 

3 

27.5 

22.5 ’ 

1.5 


The results obtained from one application of Bordeaux and hydrated 
lime are quite similar to those of IIyre (16) who recorded a reduction of 11.9 
per cent, in light intensity after a single spray of Bordeaux 8-8-100, and 
11.2 per cent, reduction following a spray of hydrated lime 0-8-100. 

IIeinicke and Hoffman (13) found from their experiments with apple 
leaves that, under field conditions, 1200 foot candles of light were suflBcient 
for maximum rates of carbon dioxide absorption. If it is assumed that 
about 1200 foot candles were adequate for maximum rates of photosynthesis 
in these experiments, and that the effect of Bordeaux in retarding i)hoto- 
synthesis is purely mechanical shading, then a reduction in the light inten- 
sity reaching the test leaves of 27.5 per cent., due to three sprays of Bordeaux 
4-6-100, should have no measurable infiuence on the rate of photosynthesis ; 
for example, in experiment V. In this particular experiment the light fall- 
ing on the test leaves prior to spraying averaged 3667 foot candles, yet the 
rate of carbon dioxide absorption was reduced considerably by only one ap- 
plication of Bordeaux 4-6-100. The results obtained previously by Amos 
(1) and those presented here in experiment X show that the effect of Bor- 
deaux in depressing photosynthesis may be only temporary. This was 
brought out in these experiments, since several days after applications of 
Bordeaux were made the rate of carbon dioxide absorption recovered even 
though the spray residue was not removed. If either the light intensity or 
the quality reacting the treated leaves was reduced or altered by Bordeaux 
sufficiently to reduce photosynthesis, it would not seem reasonable to expect 
that the rate of this Jirocess would regain its pre-spray status as long as the 
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Bordeaux spray deposit remained on the test leaves. The data indicate, 
therefore, that the primary retarding: influence of Bordeaux mixture on 
apple leaves was not caused by mechanical shading of the test leaves by Bor- 
deaux, but by some physiological effect brought about by the chemical 
mixture. 

Since under the conditions of these experiments, hydrated lime did not 
appear to have a detrimental influence on the rate of photosynthesis while 
copper sulphate distinctly retarded the process, it would seem logical to 
assume that the copper fraction within Bordeaux was the main causative 
factor in reducing photosynthesis. The diffusion of copper into the leaf 
tissue could occur only if copper were present in a soluble form. Therefore, 
it might seem that no soluble copper would be present in a 4-6-100 Bordeaux 
which contains more than enough lime to precipitate all the copper sulphate 
present. Pickering and Bedford (24) observed, however, that even a Bor- 
deaux which contained an excess of lime released soluble copper upon weath- 
ering. That copper is known to penetrate the tissues of a leaf in appreciable 
amounts has been shown by DeLong (8). Leafhoppers (Empoasca fabae) 
which were allowed to feed upon Bordeaux-sprayed bean leaves died within 
4 to 5 days of a characteristic ‘‘Bordeaux poisoning.’’ This likewise oc- 
curred when leaf -hoppers were confined to feeding upon unsprayed portions 
of sprayed leaves. Frank, Kruger, and Ewert, as quoted by Lutman (18), 
and Btttler (3) all observed that Bordeaux-treated leaves retained starch in 
their chloroplasts longer than those leaves left untreated. Ewert as quoted 
by Lutman (18) showed that the action of diastase was retarded by copper 
compounds, resulting in the increased accumulation and retention of starch 
in the chloroplasts. This accumulation he attributed not to any increase in 
starch manufacture following applications of Bordeaux but rather to a de- 
crease in the rate of .starch hydrolysis. In order to check the results of 
workers just mentioned, applications of Bordeaux 4r-6-100, hydrated lime 
Q-6-100, and copper sulphate 4-0-100 were made at three-day intervals until 
several leaves on Stay man Winesap trees in the greenhouse had received 
three treatments of one of the aforementioned sprays. Two days after the 
third spray had been applied the trees were moved to a dark room. By ex- 
tracting the chlorophyll from the leaves with alcohol and then testing them 
for starch with an LKI solution according to Sachs’s method, it was possible 
to determine whether the sprayed leaves retained starch longer than similar 
untreated cliecks. The results obtained from these leaves sprayed. with 
copper sulphate were fairly striking. Starch was retained in the treated 
leaves long after starch had escaped from the checks. Bordeaux-sprayed 
leaves in a few cases appeared to possess starch after the checks were free of 
starch but in no instance were the results as marked as those found in copper 
sulphate treated leaves. The leaves treated with hydrated lime did not 
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appear to retain starch any longer than the checks, although Butler (S) 
states that potato leaves treated with milk of lime retained starch somewhat 
longer than the untreated checks. Since the concentration of soluble copper 
in a Bordeaux spray would be only a small fraction of that in a copper sul- 
phate 4-0-100 spray, it would seem logical to expect that more copper would 
penetrate the leaf tissues immediately following a spray of copper sulphate 
than one of Bordeaux. If the degree of diastase inactivation is directly re- 
lated to the concentration of soluble copper present in the leaf, starch would 
probably accumulate and be retained to a greater degree in those leaves 
treated with copper sulphate as compared with those sprayed with Bordeaux. 
Milueb ( 23 ) states that it is generally considered that an accumulation of 
starch within the chloroplasts impairs their activity by interfering with the 
photosynthetic process which some believe occurs at the surface of the 
plastids. The reduction in photosynthesis following applications of Bor- 
deaux mixture, therefore, may be directly related to a greater accumulation 
of starch in the treated leaves. The results of experiment X, however, indi- 
cate that the influence of Bordeaux in lowering the rate of photosynthesis 
may be only temporary since the rate of carbon dioxide absorption regained 
its pre-spray status about two weeks after spray treatment even though the 
spray residue remained untouched on the leaves. If the inactivation of 
diastase, a consequent increase in starch accumulation, and a reduced rate 
of photosynthesis result from the presence of soluble copper in the leaf 
tissues, it would not seem reasonable to expect the rate of carbon dioxide 
absorption to recover until the concentration of soluble copper was either 
reduced or converted to a form that no longer had an inactivating effect on 
diastase. Mader and Blodgett ( 19 ) found that potato plants sprayed with 
Bordeaux possessed tubers which contained from 2.5 to 5.5 p.p.m. of copper 
while unsprayed checks contained only 2.0 to 2.5 p.p.m. of copper. This 
fact clearly shows that copper from Bordeaux not only penetrates leaf tissues 
but remains at least partially mobile therein. Maquenne and Demoussy as 
quoted by Wllis ( 27 ) state that calcium favors the diffusion of copper into 
aerial portions of plants and probably also prevents, within limits, its undue 
accumulation. Since the amount of soluble copper in Bordeaux would, in 
all probability, be greatest immediately after spraying, a sufficiently high 
concentration of copper might diffuse into, and remain within, the leaf tissues 
at this time to retard diastase activity, cause starch to accumulate, and 
depress the rate of photosynthesis. The amount of soluble copper diffusing 
into the leaf would gradually decrease as the concentration of soluble copper 
in the Bordeaux on the leaves decreased.^ Since the copper penetrating the 
leaf tissues appears to remain at least partially mobile therein, the rate of 
movement of soluble copper out of the leaf tissue might eventually exceed 
the inward movement of copper from the Bordeaux residue upon the leaf 
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surface. When the concentration of internal copper was no longer suffi- 
ciently great to inactivate diastase, the rate of photosynthesis would theo- 
retically recover to its pre-spray status even though the Bordeaux spray 
deposit remained intact on the leaves. If the spray residue were removed 
within 3 to 5 days after spraying and no visible injury resulted, as in the 
experiments performed at 70° F. and above, the recovery in photosynthesis 
which followed such treatment might have been due to the removal of the 
diffusible copper remaining in the spray sediment on the leaf. 

In the mass of literature concerned with the effects of Bordeaux on 
transpiration, a number of theories have been proposed as explanations of 
the mechanism involved. Since the results obtained by the investigators 
are not in complete accord, it is not surprising that their theories are some- 
what conflicting. Lebander as quoted by Miller (23) suggests that cer- 
tain light rays are excluded by the Bordeaux residue on the sprayed leaves, 
thus reducing transpiration. Martin and Clark (20) suggest that absence 
of increase in transpiration of potato leaves after a second application of 
Bordeaux mixture was due to the clogging of the stomata by the spray par- 
ticles. This theory has been partially substantiated by the later work of 
Krausche and Gilbert (17) who definitely show that increase in transpira- 
tion following applications of Bordeaux are not due to increases in stomatal 
transpiration. They found, in fact, that applications of Bordeaux to the 
lower surface of tomato leaves, where the stomata are most numerous, re- 
sulted in a reduced rate of transpiration during the day. It was thought 
by Butler (3) that Bordeax and milk of lime were opaciue to radiations of 
long wave lengtlis, ^‘therefore, under conditions favorable for radiation, 
sprayed plants cool less rapidly than non-sprayed plants and thus transpire 
more freely.’’ This assumption does not appear sound since Tilford and 
May (26) comparing the temperature of Bordeaux sprayed potato leaflets 
with untreated leaflets in the sun, found by means of thermocouple mea- 
surements, that leaflets sprayed with a 4 4 50 Bordeaux averaged 1.45° C. 
lower in temperature than the unsprayed leaflets. They also observed that 
the whiter the spray, the greater the cooling effect. Wilson and Runnels 
(29) suggest that ‘‘the accelerating influence of a Bordeaux film on the 
transpiration rate is due chiefly to a change in the rate of cuticular tran- 
spiration.” Horsfall and Harrison (16) have combined the ideas as pre- 
sented by Martin and Clark (18), Krausche and Gilbert (17) and Wil- 
son and Runnels (29) by stating that “Bordeaux mixture has a two-way 
action on transpiration — ^it accelerates cuticular transpiration and curtails 
stomatal transpiration.” They also believe that “the alkalinity of Bor- 
deaux saponifies the cuticle and decreases its resistance to water loss.” 

Under the conditions of these experiments both stomatal and cuticular 
transpiration of mature apple leaves were measured simultaneoulsy. Ex- 
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cept for a single determination in each of the experiments concerned with 
Bordeauxes influence on transpiration under drought conditions, Bordeaux 
mixture and its component parts appeared to have either no effect or a 
retarding influence on the rate of transpiration in all experiments. If it 
is assumed that Bordeaux mixture has a retarding influence on stomatal 
transpiration and an accelerating effect on cuticular transpiration (16), 
the lowered rates of foliar transpiration observed in these experiments 
might be due in part to the depressing effect of Bordeaux on stomatal tran- 
spiration. The rate of loss of water vapor from the cuticle in most species 
of plants in the temperate zone is less than 10 per cent, of the total foliar 
transpiration (22). It appears, therefore, that even though cuticular 
transpiration may have been somewhat accelerated by Bordeaux, the effect 
was not of sufficient magnitude to counterbalance the depressing influence 
of this spray on stomatal transpiration. Most other investigators who have 
proposed that Bordeaux mixture increases the rate of cuticular transpira- 
tion have conducted their research on relatively young herbaceous plants 
such as Coleus, potato, and tomato which have a relatively thin cuticle as 
compared with that on mature apple foliage. Consequently, the corroding 
effect of Bordeaux on mature apple leaves may not be sufficient, in most 
cases, to greatly alter the rate of cuticular transpiration. 

Although the stomata may be partially “ clogged by the spray residue, 
and thus tend to reduce stomatal transpiration, the results of ToiFORD and 
May (26) offer another explanation for a general reduction in transpira- 
tion due to a Bordeaux spray. If, in the experiments reported here the tem- 
perature of Bordeaux-sprayed leaves was lowered from 1 to 2° C., as they 
state in case of sprayed potato leaflets, a significant change in the vapor 
pressure gradient between the leaf and the external air would have taken 
place. Curtis (6) shows that a 1 to 2° C. reduction in leaf temperature, 
between a range of 10 and 40° C., is equivalent to raising the external 
humidity as much as 5 to 14 per cent. Since the rate of transpiration is 
governed by the steepness of the vapor pressure gradient existing between 
the intercellular spaces and the external atmosphere, anj" comparative de- 
crease in vapor pressure within the leaf, other conditions remaining con- 
stant, would reduce this gradient atid lower the rate of transpiration. 
Under the conditions of some of the experiments presented here this mecha- 
nism might have been sufficiently important to be responsible, in part, for 
significant reductions in the rate of transpiration of leaves sprayed with 
Bordeaux and hydrated lime. 

On the basis of the results in this paper which show a reduction in tran- 
spiration of,^ apple leaves due to Bordeaux Mixture, it is difficult to explain 
an observation made by Anderson (2) who noted in Illinois during a dry 
summer period that apple trees sprayed with Bordeaux mixture wilted 
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soon after the spray application while nearby unsprayed trees showed no 
signs of wilting. Trees sprayed with Bordeaux plus oil, however, appeared 
similar to the unsprayed trees. Although it would seem that the oil coun- 
teracted an increase in transpiration due to the presence of Bordeaux alone 
on the leaves (28), this may not be the sole or correct answer. It has been 
shown by the results obtained here and elsewhere (3, 18) that the presence 
of soluble copper on the leaf results in its penetration and partial hindrance 
to the change of starch to sugar and translocation of elaborated materials 
out of the leaf. If this should be the case, leaves sprayed with Bordeaux 
probably would have a lower diffusion pressure deficit between the meso- 
phyll cells of the leaves and the soil solution, as compared with unsprayed 
leaves of the check trees. Hence, sprayed leaves may wilt because of their 
inability to obtain as much water as the unsprayed leaves, even though 
their transpiration rates were approximately the same as those of the 
checks. The presence of oil in the spray mixture may reduce the amount of 
soluble copper entering the leaf and thus its resulting effect on diastase 
activity. 

In this connection it might be mentioned also that the wilting of Bor- 
deaux sprayed trees growing under drought conditions may be due to the 
more rapid entrance of soluble copper into the leaf when the leaves are in a 
more or less flaccid condition. The toxic action of the copper, when the 
leaves are in a somewhat wilted condition, may bring about a partial loss 
of semi-permeability of the cell membranes of the sprayed leaves. When 
the leaves are in a turgid condition, it is assumed that this would not be the 
case and under such conditions there actually would be a reduction in 
transpiration as shown in this paper. That this may be the case is sug- 
gested in the results of experiments VIT and VIII where apple leaves showed 
in both experiments a slight increase in transpiration a day or two after the 
Bordeaux had been applied to young apple trees growing under low soil 
moisture conditions. Whether this temporary, slight increase in transpira- 
tion is important in the total effect may be doubted ; but at least it suggests 
another angle to the problem which should be investigated further. There 
appears to be a concensus of opinion among fruit growers in Ohio, Indiana, 
and Illinois that the presence of Bordeaux on apple leaves during a dry 
period in summer results in increased yellowing and dropping of foliage. 
It would seem from the results presented here that this yellowing and drop- 
ping of leaves could not be explained entirely, or perhaps at all, by a 
greatly increased transpiration by the Bordeaux-treated trees. 

Summary 

1. The influence of Bordeaux mixture and its component parts on the 
rate of photosynthesis and transpiration of Staymau Winesap apple leaves 
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was measured in an environment-control chamber where temperature, light, 
and humidity were controlled. 

2. Under the conditions of these experiments photosyntJiesis was re- 
duced at least temporarily by applications of Bordeaux mixture regardless 
of the temperature, light, humidity, or soil moisture conditions. 

3. The data presented indicate that the influence of Bordeaux mixture 
on the photosynthetic process is primarily physiological rather than mechan- 
ical. The soluble copper fraction within Bordeaux appears to be directly 
related to the retarding effect of this spray on photosynthesis. 

4. The results of , these experiments indicate that the temperature at 
which Bordeaux may be expected to instigate visible injury to apple foliage 
lies between 60° and 70° P. 

5. The transpiration rate of illuminated mature apple leaves appears to 
be uninfluenced or somewhat depressed by Bordeaux mixture and its com- 
ponent parts. 

6. The general effect of Bordeaux mixture applied to young apple trees 
growing under low soil moisture conditions was a slightly reduced rate of 
transpiration. 

The authors are indebted to Dr. J. H. Gourley for helpful suggestions 
and for securing outside financial aid in carrying out these experiments. 

Depaetment or Horticulture 
Ohio State University 
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FORMIC ACID FORMATION IN ALCOHOLIC FERMENTATION 
L. A. Hohl and M. a. Joslyn 
(with one figure) 

Introduction 

The possible oecurreiiee, and role of formic acid in alcoholic 

fermentation has been a i)articularly controversial subject. Kruis and 
Rayman (26) observed formic acid in fermented liquids and attributed it 
to a direct action of air upon some constituent of the wort. The majority 
of the investij?ators who have observed the presence of this acid in fermented 
liquids, however, believed it to play some role in the fermentations of su^ar 
by yeast. Among: these were Liebermann (27), Kiticsan (23), Duclaux 
(6), Kitoudabachian (22), Thomas (37), Pranzen and Steppuhn (16, 17), 
Kostycutev (26), Esau (9), and Joslyn and Dunn (20). Formic acid or 
formate utilization by yeasts has also been reported by Di^claux (5), 
Thomas (37), Franzen and yTEPPUiiN (16, 17), Franzen (14), and Neu- 
BERo and Tir (30). On the other hand. Fakes and Jollyman (33) failed to 
detect any formate utilization by yeasts. Foi’mate utilization by bacteria 
has been well established by Omeliansky (31), Franzen ct ah (12, 13, 16), 
Grey (18), and Fakes and Jollyman (33). 

Duclaux (6) sug:g:ested that yeasts produced formic acid when grrown 
under unfavorable environmental conditions. Formic acid was considered 
as an intermediate in alcoholic fermentation according to a theory developed 
by WoiiL (44) and extended by Schade (34). Ehrlich (7, 8) favored the 
Woiil-Sciiade hypotliesis, although he suggested that formic acid could be 
obtained from amino acids, ammonia, and also an aldehyde of the next lower 
acid ill the particular series being formed. Lob (8) objected to Schade ’s 
hypothesis on the basis that the latter’s reactions occur under entirely dif- 
ferent chemical conditions than are required for alcoholic fermentation. 
Franzen and Steppuhn (16) reported that there was initially a slight ac- 
cumulation of formic acid and subsequently a decrease in media containing 
formates. This, however, does not constitute evidence, as they believed, for 
its role as intermediate in alcoholic fermentation (10). Neuberg and Kerb 
(29) testing the Schade hypothesis, failed to obtain alcohol from mixtures 
of formates, acetaldehyde, and yeast. Kostychev (25) did not regard 
formic acid as a fermentation product, but rather as a product of endogenous 
metabolism of the cell. Thomas (37) inclined tow^ard the view that the 
production of formic acid is intimately bound up with the breakdown of 
sugar but Oppeniieimer (32) did not believe that formic acid played any 
role in normal alcoholic fermentation. 
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WiELAND and SoNDERHOFF (40) have indicated recently that formic 
acid occurs among the products of aerobic and anaerobic decomposition of 
citric acid by impoverished yeast, but bacterial contamination was found. 
In recent years, formic acid has not been generally regarded as an inter- 
mediate product of alcoholic fermentation ; its occurrence, origin, and role 
still remain unknown. 

A study of formic acid formation and utilization by certain yeasts was 
made and it was found that insignificant quantities of formic acid are 
formed when particular care is taken to avoid bacterial contamination of 
fermentation mixtures. Some evidence for utilization of formic acid is 

t 

presented. 


Methods 

In addition to the two yeasts, 66 and Burgundy, used in an earlier in- 
vestigation in this laboratory by Joslyn and Dunn (20), five other closely 
related strains of yeast were used. They were all found, when classified 
according to the methods of Stellino-Dekker (36), to be strains of Sac^ 
charomyces cereviseae (Hansen) Dekker. The Champagne strain, as well 
as Burgundy, was originally from the collection of Pacottet of France (2). 
Numbers 2338 and 2368 were obtained from the American Type Culture 
Collection in July, 1937. The former was labelled Saccharomyces elUp-> 
soideus and the latter, Saccharomycen cereviseae. The Tokay strain of this 
laboratory was originally from California Fruit Industries, Ltd. Yeast 
number 66 was isolated by Cruess (4) and the Frei Brotliers^ (FB) strain 
was isolated by the writers from a naturally fermenting vat of wine at Frei 
Brothers’ Winery, Healdsburg, California, 1935 vintage. 

The media used for the experiments included both natural media, grape 
juice and wort, and an artificial medium which was a modification of 
Williams and Saunder’s medium (41) with the rare elements and asparagine 
replaced by a small quantity of yeast extract. This artificial medium con- 
tained 200 grams dextrose, 3 grams ammonium sulphate, 2 grams potassium 
acid phosphate, 0.25 grams CaCL • 2 H 2 O, 0.25 grams MgS 04 , and 30 ml. 
yeast extract per liter; the yeast extract contained 0.25 per cent, nitrogen, 
and 1.5 per cent, total solids. 

The media were bottled in cotton stoppered bottles of suitable size for 
each respective experiment and sterilized in flowing steam for a period of 
one hour on each of three successive days. 

Yeast starters were generally prepared by transferring a loopful of yeast 
from a young stock agar slant to a smfill volume of the particular medium 
to be used in the experiment. This was transferred after two or three days 
to another portion of the same medium. After two more days the experi- 
mental media were inoculated, using serological pipettes, with a volume of 
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this second culture, amounting to one per cent, of the volume of the medium 
being inoculated. The fermentations were conducted at room temperature, 
18 to 25° C. (average 22°). 

The total volatile acidity was determined in duplicate by titrating in the 
hot 100 ml. of steam distillate from a 10-ml. sample. Formic acid was de- 
termined by the total extraction mercury reduction method of von Pellen- 
BERG (11) using 50-ml. samples. In addition, the Dyer (16) distillation 
procedure for formic acid determination was used on a few of the samples. 
pH was determined by the quinhydrone electrode. Sugar was determined 
by Hassid’s (19) modification of Whitmoyer’s procedure. 

Most of the fermentations were made in duplicate. There was close 
agreement between duplicates and only the averages are included in the 
tables. 

Data and discussion 

Formic acid formation during fermentation of grape juice 

Tall eight-liter bottles fitted with sampling tubes, were filled with six 
liters of Thompson Seedless grape juice having 116 milli-mols total reducing 
sugar (as dextrose), 0.12 milli-equivalents total volatile acid, and 0.08 milli- 
eqiiivaleiits formic acid per 100 ml. ; the pH was 3.67. Samples of approxi- 
mately 100 ml. were withdrawn at intervals, determined by the relative rate 
of fermentation, over a total period of 75 days (table I). The yeasts were 
removed from the samples by centrifuging, and they were then frozen and 
stored at ~ 18° C. until analyses could be made. When the last sample had 
been withdrawn, the yeast sediment was examined microscopically. In ad- 
dition dilution plates and streak plates were made on suitable media to 
verify the purity of the cultures. No contaminants were found. 

The data obtained for two of the yeasts, 66 and Champagne, are sum- 
marized in table I. The rapid rise in total volatile acidity during the fer- 
mentation of the first half of the sugar is in agreement with the results 
reported in a previous paper (20). Individual differences as to total 
amount and relative rate of formation occurred among the seven strains, but 
the general trend was similar for all the strains. A study of the formic acid 
data reveals that, except possibly in the initial stages of fermentation, there 
was little, if any, accumulation of formic acid. In order to determine 
whether the substance from the initial medium which caused the precipita- 
tion of calomel was actually formic acid, an ether extract was tested with 
cerous nitrate (1, 24) and characteristic crystals were formed, indicating 
that formic acid was present. The quantities of formic acid present in the 
medium at the various stages fluctuated somewhat irregularly, especially 
at the beginning of fermentation. This may have been due to a variety of 
causes, among which sampling error, anal.vtieal error, or physiological ac- 
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TABLE I 

Formic acid formation during the fermentation of grape medium 
(Yeasts 66 and Champagne) 


TtMi: 

Sugar utilized per 
100 ML. 

Total volatile acid 
formed per 100 ML. 

Formic acid present 
PER 100 ML. 

66 

Champagne 

66 

Champagne 

66 

CH VMPAONE 



7M. mol . 

1)1. mol . 

m. eq . 

m . eq . 

m. i ( j . 

m . eq . 

0 

br. 





0.08 

0.08 

12 

i i 

4 

4 

0.04 

0.01 

0.15 

(1.07 

24 

i t 

7 

11 

0.29 

0.11 

0.26 

0.08 

36 

( < 

20 

' 12 

0.49 

0.49 

0.26 

0.08 

48 

i i 

41 

15 

0.56 

0.68 

0.07 

0.10 

59 

t i 

49 

18 

0.62 


0.05 

0.31 

72 

i i 

52 

25 

0.59 

0.9S 

0.07 


83 

i ( 

65 

25 

0.63 

1.01 


0.1 1 

96 

i < 

75 


0.62 

1.09 

0.38 


308 

i ( 

76 

43 

0.65 

1.17 

0.10 

0.06 

120 

i i 

82 

58 

0.62 

1.21 

0.11 

0.07 

6 

(liiys 

89 

63 

0.65 

1.21 

0.07 


7 

i i 

94 

77 

0.69 

1.26 

0.09 

0.06 

8 

< t 

96 

81 

0.70 

1.27 ' 

' 0.05 


9 

( < 

99 

83 

0.68 

3.27 1 

1 0.07 

0.04 

31 

i i 

104 

101 

0.70 

1.33 

0.05 

0.06 

14 

i i 

309 

304 

0.76 

1.32 I 

, 0.05 


17 

i ( 

309 

1 108 

0.73 

1.30 ' 

0 03 

0 05 

21 

i i 

113 

1 

0.74 

1.33 

0 03 


26 

( i 

114 1 

1 113 ! 

0.72 

3.33 

0.04 i 


31 


114 1 

314 

0.73 

1.35 

0.03 

0.03 

38 

t i 

315 , 

, 0.70 

1.36 

0.05 

0.05 

1 

46 

( i i 

315 ! 

115 

0.79 

1.37 

0.05 

1 

60 

i t 

315 I 

115 

0.76 : 

3.38 j 

1 0.03 


75 

( { 1 

115 

1 115 

0.75 

1.34 

0.01 

0.04 


tivity of the yeast are to be considered. At the time of sampling, the fer- 
mentation mixture was rotated gentlj^ to produce a uniform sample without 
unduly aerating the fermentation. This might not have been a suffi(‘ient 
precaution to avoid slight fluctuations in the experimental results due to 
sampling errors. Since the quantity of formic acid present in any of the 
samples was very small, any errors in the analyses would have been magnified 
when the results were calculated. If the possible sources of error are dis- 
regarded, the data in table I indicate that there was a slight formation of 
the acid in the early stages of fermentation followed by utilization. This 
was much more marked for yeast 66 than for any of the other yeasts. The 
actual amount of formic acid found at any particular stage of the fermenta- 
tion probably represents a balance between formation and decomposition 
with slight accumulation in the mediun^ in the initial stages of the fermenta- 
tion ; that this was followed by utilization of the acid, is in agreement with 
the results of Pranzen and Steppuhn (1, 16). 

In figure 1 the solid lines show these data obtained from the grape juice 
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medium. The total volatile acid formed, and formic acid present, are 
plotted against the sugar utilized. For yeast 66 both these curves are 
shown, while for Champagne yeast only the formic acid curve is shown. 



Fig. 1. Volatile acid formation in relation to sugar utilization (yeast 66). 


Formic acid formation during fermentation op the artificial medium 

Seven lots of the artificial medium having 106 milli-mols reducing sugar 
and 0.15 milli-equivalents formic acid per 100 ml. (pH 4.38) were fermented 
by the seven yeasts and samples ’were withdrawn as in the grape juice ex- 
periment. In table II, the analyses of the respective samples withdrawn 
from the fermentation by yeasts 66 and Champagne are summarized. In 
figure 1 the data for yeast 66 are plotted at half scale (broken lines). 

The pH of the artificial medium dropped rapidly and continuously from 
near pH 4.0 to somewhat below pH 3.0 ; that of the grape medium remained 
nearly constant (about 3.5). Total volatile acid production was consider- 
ably higher in the artificial medium than in the grape medium. Its rate of 
accumulation was lower but this may be correlated with a lower rate of 
sugar utilization. Here, as in the grape medium, most of the volatile acidity 
had accumulated when the sugar content had been reduced to half. 

The formic acid data in table II and figure 1 show that the initial arti- 
ficial medium contained more formic acid than was present at any subse- 


760 


PLANT PHYSIOLiOGY 


TABLE II 

PORMIC ACID FORMATION DURING THE FERMENTATION OF ARTIFICIAL MEDIUM 

(Yeasts 66 and Champagne) 


Time 

Sugar utilijked per 
100 ML. 

Total volatile acid 
FORMED PER 100 ML. 

Formic acid present 
PER 100 ML. 


66 

Champagne 

66 

Champagne 

66 

Champagne 


m. moL 

m, mol. 

m, eq. 

m, eq. 

m, eq. 

m. eq. 

Ohr. 






0.15 

0.15 

24 

3 

0 

0.06 

0.09 



48 

7 

' 5 

0.21 

0.27 



60 

13 

5 

0.25 

0.34 

0.13 


72 

7 

9 

0.31 

0.42 


o.ii 

84 

9 

15 

0.38 

0.54 



. 96 

13 

18 

0.46 

0.62 

0.10 

0.1 i 

108 

17 

22 

0.48 

0.75 

0.12 

0.11 

120 

19 

23 

0.55 

0.79 

0.12 


6 days 

23 

33 

0.63 

0.95 

0.14 

0.12 

7 

28 

41 

0.74 

1.16 



8 

32 

50 

0.79 

1.27 

0.17 

0.13 

9 << 

35 

56 

0.90 

1.38 


0.05 

10 

46 

64 

0.99 

1.40 

0.10 

0.04 

11 

47 

72 

1.06 

1.52 : 

1 

0.04 

12 

49 

80 

1.07 

1.48 j 


0.02 

13 

58 

87 

1.13 

1.63 

OJO 

0.01 

14 

61 

93 

1.18 

1.52 

0.02 


16 

73 

101 

1.26 

1.63 ! 

0.08 

0.01 

18 

83 

103 

1.37 

1.60 

0.03 1 


20 

90 

104 

1.34 

1.62 

0.02 ! 


23 

99 

104 

1 1.37 

1.62 

0.01 1 


27 

104 

104 

1.40 

1.60 

0.01 1 


32 << 

106 

1 104 

1.42 

1.59 


: 0.00 

38 

106 

104 

1.36 

1.61 

0.01 


45 

106 

1 104 

1.40 

1.62 

0.01 

j o”oo 


quent stage of the fermentation. Thus any production of this acid by the 
yeast during fermentation was masked by greater utilization of it. All 
seven strains of yeast gave very similar results with respect to formic acid 
production in ihis medium." 


Effect of carbon and nitrogen source upon formic Acm formation 

In order to determine what effect, if any, carbon source and nitrogen 
source had upon formic acid formation several natural and artificial media 
were fermented for one month with three of the strains of yeast (numbers 
66, 2368, and Champagne). The natural media were white and red grape 
juice, diluted white^grape concentrate, and wort. For the artificial media, 
the basic medium was modified. In one series the carbon source was always 
200 grams of cerelose per liter and the nitrogen source was varied so that the 
tptal amount of nitrogen added was always the same. In another series 
the nitrogqjjCv source was always three grams of ammonium sulphate per 
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liter and the carbon source was varied, always using 200 grams per liter of 
the respective sugar. The formic acid contents of the final samples of these 
fermentations, one month after inoculation, ranged from 0.0 to 0.19 milli- 
equivalents per 100 ml. With the exception of the g-alanine, cerelose, and 
red grape juice fermentations the formic acid contained in these final media 
was negligible (0.01 to 0.06 milli-equivaleuts per 100 ml.). In 3-^lanine the 
final amount of formic acid was almost identical with that initially present. 
This is probably due to the failure of the yeasts to ferment in this medium, 
and indicates that formic acid is normally utilized to a greater extent than 
it is produced in active fermentation. In red grape juice the final quantities 
of formic acid were somewhat higher than in the other media, (averaging 
0.15 milli-equivalents per 100 ml.). This was close to the initial amount 
present. 

Thomas (38), while believing that formic acid was formed from sugar, 
found that its accumulation was considerably increased in media containing 
amides. In these experiments, the only amide used was asparagine and the 
results with it do not show any such relationshij). 

Formic acid utilization 

The evidence from previous experiments indicated that any formic acid 
which might have been formed by these yeasts was destroyed almost as 
rapidly as it was formed. If there w^as any accumulation of it in the media 
it occurred very early in the course of fermentation and was followed by 
more or less complete destruction. Since the quantities of formic acid found 
were small in any of the media, further experimental evidence was required 
to determine whetlier this acid w^as actually destroyed by these yeasts. 
Therefore, a series of media was prepared having the following compositions : 

(a) Basic artificial medium. Control. 

(b) Basic artificial medium plus 0.1 per cent, formic acid. 

(c) Basic artificial medium without cerelose, plus 0.1 per 
cent, formic acid. 

To media (b) and (c) sufficient sodium hydroxide solution was added to 
bring their pH to that of medium (a) (?.c.^ 3.45). Again only three strains 
were used — 66, 2368, and Champagne. In order to insure vigorous cultures, 
these media were inoculated with five per cent, by volume of cultures of the 
respective yeasts which had grown on grape juice for two successive three 
day periods. One series of these media was analyzed immediately after in- 
oculation for pH, total volatile acid, and formic acid. Another series of 
duplicate samples was analyzed after one month of fermentation. The Brix 
degree of these final samples was also recorded as an indication of the ap- 
proximate quantity of residual sugar. The results of these initial and final 
analyses are summarized in table III. 
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TABLE III 

Formic acid utilization 


Yeast 

Medium 

Formic acid 
present per 

100 ML. 

Formic 

ACID 

TT'TTTiTy.TJlTl 

Total volatile 
ACID present 

100 ml. 

Total 

volatile 

acid 

FORMED 

Final 

BRIX 



Initial 

Final 


Initial 

Final 

PER 100 
ML. 


66 

(a) 

m, eq, 
0.12 

m. eq, 
0.14 

m. eq, 
-.02 

w. eq. 
0.11 

m. eq. 
1.54 

m. eq, 
1.43 

< 0® 

C* 

(a) 

0.12 

0.10 

.02 

0.11 

1.48 

1.37 

< 0° 

2368 

(a) 

0.12 

0.10 

.02 

0.11 

0.77 

0.66 

2® 

66 

(b) 

1.48 

1.13 

.35 

1.16 

1.34 

0.18 

< 0"’ 

0 

(b) 

1.48 

1.29 

.19 

1.16 

1.99 

0.83 

< 0° 

2368 

(b) 

1.48 

1.30 

1 .18 

1.16 

1.86 

0.70 

4.0° 

66 

(c) 

1.41 

1.55 

-.14 

1.15 

1.00 

-.15 


C 

(c) 

1.41 

1.38 

1 .03 

1.15 

0.92 

-.23 


2368 

(c) 

1.41 

1.38 

.03 

1.15 

1.00 

-.15 



* C = Champagne. 

These data show that there was no significant utilization of formic acid 
in the absence of sugar. In the presence of sugar there was evidence for 
slight utilization by all three strains studied. Thomas (39) also observed 
that yeast press juice can ferment formate only in the presence of sugar. 

The effect of formic acid in the medium upon total volatile acid formed, 
i.e., upon acetic acid formation, is of interest. With yeast 66 in the pres- 
ence of formic acid, acetic acid formation was markedly suppressed; only 
a little over ten per cent, of the amount formed in the control experiments 
was found. With Champagne yeast only about sixty per cent, as much 
acetic acid was formed in the presence of formic acid as in its absence. 
With yeast 2368, on the other hand, there was no inhibition of acetic acid 
formation by formic acid. The Brix degrees of these same samples show 
that this inhibition was not due to a general retardation of fermentation, 
but rather to a physiological difference among the strains of yeast. 

Effect of oxygen supply and pH upon formic acid formation 

In order to obtain some information on the effect of oxygen supply upon 
formic acid formation, fermentations of the artificial medium were con- 
ducted in the presence of a limited oxygen supply; i.e., in cotton-plugged 
liter bottles, and under CO 2 pressures (using mercury bungs on the fermen- 
tation bottles). After the fermentations had been allowed to go on for 
eight weeks the samples were analyzed. The total volatile acidity was about 
ten per cent, higher in the fermentatfcns conducted in the presence of a 
limited oxygen supply than in the corresponding ones conducted under car- 
bon dioxide pressure. In the former the amounts formed ranged from 1.71 
to 2.87 milli-equivalents per 100 ml., while in the latter they ranged from 
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1.36 to 2.25. There was no net formation of formic acid in this experiment 
since the final media all contained less than the initial medium. 

In all the experiments thus far discussed, the presence of formic acid in 
the original media obscured the results on formic acid formation. Small 
quantities of formic acid occurred normally in pasteurized grape juice and 
also in the yeast juice used as a growth stimulant in the artificial media. 
It was then found possible to prepare an artificial medium free of formic 
acid by replacing the yeast juice with a rice bran concentrate (Galen’s 
Vitamin B concentrate). Duplicate lots of this medium were adjusted to 
pH 2.5, and pH 6.7 with phosphate buffers. The control media had an 
initial pH of 4.8. Two fermentations of the control medium were provided 
with mercury bungs, two were cotton stoppered, and two were aerated by 
attaching them to a water aspirator and filtering the incoming air through 
sterile cotton. Yeast 66 was the only organism used in these experiments. 
The results of this experiment are summarized in table TV. They show 
that no formic acid was formed in these media except in the medium having 
an initial pH of 2.5 ; in this 0.08 railli-equivalents per 100 ml. were found. 
Although the quantities of formic acid found by Esau (9) to be formed by 
yeast 66 were three or four times as great as the quantities formed in these 
experiments, the results are in agreement in that more of the acid was 
formed in a medium at a low pH than at a high pH. 


TABLE IV 

Effect of aeration and pII upon acid formation by yeast 66 


Amount of 
\er\tion 

Initial 

pH 

Final 

pH 

Formic 

acid 

PRESENT 
100 ML. 

Acetic 

acid 

PRESENT 

rm 100 

ML. 

Final 

BRIX 

Cotton stopper 

4.8 

2.6 

m . eq , 

0.002 

w. eq , 

1.65 

0.0° 

Tig bung 

4.8 

2.55 

0.003 

1.61 

0.0° 

Aerated 

4.8 

2.34 

0.004 

3.17 

5.4° 

Cotton stopper 

2.5 

2.48 

0.08 

1.20 

8.6° 

Cotton stopper ' 

6.7 

3.57 

0.002 

0.98 

0.0° 


After an initial medium free of formic acid had been developed, further 
experiments were conducted using the basic artificial medium with Galen’s 
Vitamin B concentrate added for growth stimulation. These experiments 
were made to test certain possible precursors of formic acid. The sub- 
stances which were added to the respective lots of media were 0.2 per cent. 
U.S.P. tannic acid, 0.2 per cent, grape tannin, 0.5 per cent, peptone, 0.3 per 
cent, dihydroxyacetone, 0.2 per cent, sodium pyruvate, 0.2 per cent, pyruvic 
acid. Tannic acid and tannin were chosen because of their abundant pres- 
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ence in red grape juice, and the likelihood that this might explain the rela- 
tively high formic acid yields found in the red grape media. Peptone was 
chosen because the media used by Esau (9) which had given higher formic 
acid yields than those observed by us, had contained this nitrogen source. 
Dihydroxy acetone and pyruvic acid or pyruvate were chosen because they 
appeared to be the most logical three carbon precursors of formic acid. All 
these media were inoculated in duplicate with yeast 66, in eight-ounce 
bottles containing 150 ml. of medium both with cotton stopper and with 
mercury fermentation bungs. Another set of duplicate fermentations for 
each respective substance was made by allowing the control medium to 
ferment to approximately half its original sugar content, and then adding 
an appropriate amount of the respective substance aseptically. Each sub- 
stance was tested both in the presence and absence of sugar. All these 
media were allowed to ferment for one month and were then analyzed for 
formic acid, total volatile acid, and pH. No formic acid was found to be 
formed from any of these precursors. Tannic acid and tannin in the 
medium appeared to interfere with the mercury procedure of formic acid 
determination by giving a precipitate, but more of this precipitate was 
found in the initial media than in the final fermented samples. This might 
explain the high results obtained on red grape juice media. 

The majority of the experiments thus far discussed have indicated that 
no formic acid is present in the final completely fermented medium. It was 
thus still desirable to explain why the earlier investigators including Esau 
(9) and Joslyn and Dunn (20), who had used the same strains of yeast in 
pure culture, had been able to report from 0.35 to 1.06 milli-equivalents of 
formic acid per 100 ml. of medium, while the amounts found in the final 
media of any of our present experiments had ranged from 0 to 0.18 milli- 
equivalents. It seemed possible that differences in method of determination 
might help to explain these differences in results. These other investigators 
had used the Dyer (6) distillation procedure for their formic acid determi- 
nations. The Dyer method, like other fractional steam distillation proce- 
dures is most accurate for samples containing 0.5 per cent, or over of volatile 
acid. When applied to samples containing 0.1 per cent, of volatile acids, 
errors in concentrating the original steam distillate to a suitable volume 
might be high; owing particularly to entrainment of relatively less volatile 
acids such as lactic. 

After determining the Dyer distillation constants for solutions contain- 
ing 0.1 per cent, of acetic or formle acids, distillates of several of the samples 
on which formic acid had been determined by mercury precipitation, were 
prepared and analyzed by the Dyer procedure. One-hundred-ml. portions 
were steam distilled until 900 ml. of distillate was obtained; this was neutral- 
ized and concentrated to less than 200 ml., brought to pH 3 by addition of 
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sulphuric acid, and distilled at constant rate under previously calibrated 
conditions. Distillation constants were obtained and the former acid con- 
tent calculated. The data shown in the first five columns of table V indicate 

TABLE V 


Comparison of results of formic acid analyses by Dyer distillation and by 
MERCURY precipitation. BESULTS EXPRESSED IN MILLI- 
EQUIVALENTS per 100 ML. 


Sample 

Total vola- 
tile ACID 

Acetic ACID 
by Dyer 

Formic acid 
BY Dyer 

Formic acid 
BY Ho 

Lactic acid 

1 

0.42 

0.23 

0.19 

0.14 


2 

1.01 

0.87 

0.14 


1.27 

3 

1.77 

1.45 

0.32 


0.88 

4 

0.93 


0.19 


1.2 

5 

1.41 

1.05 

0.36 


1.3 


that except for sample no. 1, which was unfermented grape juice, the Dyer 
procedure gave considerably higher results for formic acid than did the 
mercury-precipitation method. 

The presence of lactic acid in the original prepared distillate was thought 
to be responsible for these low values since lactic acid would decrease the 
distillation constant. Lactic acid was known to be present in the sam})les 
which were being studied, and measurable quantities of lactic acid are known 
to be carried over by entrainment in the steam distillate used for volatile 
acid determinations (34) It was found that the lactic acid, when present 
with acetic acid, in the same relative concentrations as were contained in our 
samples, decreased the distillation constants suflSciently to account for the 
high ‘‘apparent” formic acid values. The last column in table Y, which 
gives the lactic acid contents of the respective samples, indicates that the 
sample containing lactic acid showed the greatest discrepancy between the 
formic acid found by the two methods. There was no quantitative correla- 
tion, however, between the concentration of lactic acid present and the 
magnitude of the discrepancy. Samples low in volatile acid content and 
relatively high in lactic acid content apparently cannot be accurately 
assayed by the Dyer distillation method. 

It may be concluded that formic acid is not a final by-product of alcoholic 
fermentation of sugar by these strains of wine yeasts. Data on formic acid 
content obtained by the current procedures when unconfirmed by specific 
qualitative tests are not significant. 

Summary 

1. The formation of formic acid in the fermentation of natural and arti- 
ficial media was investigated under various conditions. 
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2. During the course of fermentation of grape juice a very slight accumu- 
lation of formic acid occurred in the early stages of the fermentation, but 
this was followed by an apparent utilization of the acid. 

3. During the course of fermentation of an artificial medium containing 
yeast juice, the original medium contained more formic acid than was found 
at any subsequent stage. The utilization of this acid was greater at all 
stages of the fermentation than was formation. 

4. A variety of carbon sources and nitrogen sources had little effect upon 
formic acid formation by these organisms. All the fermented media except 
red grape juice contained negligible quantities of it. 

5. No utilization of formate occurred in the absence of sugar, while about 
20 per cent, of the available formate was utilized in the presence of sugar. 

6. Negligible quantities of formic acid were formed under all degrees of 
aeration which were used — ^varying from continuous aeration lo fermenta- 
tion under mercury bungs. 

7. The pH apparently infiuences formic acid formation. A small 
amount is formed in a medium having an initial pH of 2.5 ; none is formed 
at higher pH values. 

8. No formic acid was formed by yeast 66 from tannin, tannic acid, pep- 
tone, dihydroxyacetone, pyruvic acid, or sodium pyruvate. 

9. Lactic acid present in the samples analyzed for formic acid was found 
to interfere with the determination of the latter by tlie Dyer fractional steam 
distillation procedures. 

10. Formic acid is not an important end product of alcoholic fermenta- 
tion of sugar by these wine yeasts. 

University or CALiroRNiA 
Berkeley, California 
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SUCCINIC ACID AS A METABOLITE IN PLANT TISSUES 

George W. Puoher and Hubert Bradford Vickery 

(with one figure) 

Introduction 

The preparation of succinic acid by the dry distillation of amber is a 
process that was known to the alchemists and was clearly described by 
Agricola as early as 1550 (12). The true nature of the substance Vas prob- 
ably first recognized by Lemert in 1675, who called attention to its relation 
to the so-called plant acids in his celebrated ‘‘Cours de chimie’’ (16). Ber- 
zEurs (6) determined its elementary composition in 1815 and, during the 
next few decades, succinic acid was studied by many investigators (16) ; 
new sources were found and its presence both in plant and in animal tissues 
was recorded. Of the observations on plant tissues, those of Zwenger (29) 
(who identified succinic acid in the leaves of Artemisia absinthium in 1843) 
and Koiinke (11) (who obtained it from the leaves of two species of Lactuca 
in 1844) are the earliest, according to the critical review of Franzen and 
Ostertag (9), that furnish satisfactory’' evidence of the identity of the 
substance. 

Franzen and Ostertag pointed out that, at the time of their study (1923) , 
succinic acid had been unequivocally identified in only ten species of plants, 
and only a few additional reports have appeared since (4, 22) ; in none of 
these cases have quantitative determinations of the acid been made. There 
is, however, an extensive literature on the occurrence of succinic acid as a 
product of the metabolism of lower organisms, particularly as a by-product 
of yeast fermentation (8). Its presence in wines and in decomposing fruits 
has long been recognized and analytical methods for application in this field 
have been developed (6, 10, 20). The work of Ehrlich suggests that suc- 
cinic acid arises from the oxidation of glutamic acid during yeast fermenta- 
tion, a reaction with some analogies to the formation of amyl alcohol from 
leucine under the same conditions; Neuberg and CAPi»EZZUOLi (17) have 
show), however, that succinic acid may be produced by the reductive deami- 
nation of aspartic acid through the action of putrefactive bacteria. 

Interest in succinic acid as a metabolite concerned in the normal proc- 
esses of cell respiration has been greatly stimulated in recent years by the 
work of Szent-Gyorqyi and his collaborators (1, 2) and of Krebs (14) who 
have shown that the oxidation of carbohydrates in certain animal tissues can 
be described in terms of a sequence of enzymatic oxidation and reduction 
reactions in which a series of organic acids, most of which are familiar com- 
ponents of plant leaf tissues, are concerned. Among these is succinic acid, 
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the oxidation of which to malic acid by an enzyme present in muscle (21) 
was demonstrated by Battelli and Stern (3) in 1911. Although no con- 
clusive evidence has yet been obtained that the respiration of plant tissues 
can be explained in a similar manner, Chibnall (7) has pointed out that 
there is considerable data in the literature that may be interpreted, at least 
in part, in this way ; additional evidence has been provided by recent studies 
of the metabolism of rhubarb leaves by the authors (24, 27). It appears 
that the respiration of leaf tissue may, however, involve substrates in addi- 
tion to carbohydrates (23) and, in any case, the process is doubtless more 
complex than the sj^stem that has been demonstrated to operate in pigeon 
breast muscle and a few other animal tissues (13). All speculations, how- 
ever, that try to account for the production of carbon dioxide by living 
tissues involve the decarboxylation of organic acids as the step whereby this 
substance is finally produced. Regardless of the details of the enzymatic 
processes involved, therefore, organic acids play a dominating role in the 
metabolism of carbon, and it is obvious that the study of the behavior of 
these substances in living plant tissue is a promising line of approach to an 
ultimate understanding of the chemical reactions that underlie the phe- 
nomena observed. 


The determination of succinic acid 

A new method to determine succinic acid in plant tissues has been de- 
scribed in a previous paper (18). The organic acids are removed from the 
dry powdered tissue by exhaustive extraction with ether in the presen(*e of 
a slight excess of sulphuric acid. The acids are transferred to aqueous 
alkali, the solution is acidified, filtered, and then warmed witli an excess of 
potassium permanganate at faintly acid reaction. All common organic 
acids other than succinic are destroyed by this reagent. The suc(*inic acid 
is again extracted with ether, traces of contaminants are removed by oxida- 
tion with a minute quantity of nitric and hydrochloric acid, and the com- 
pletely dry residue is treated with acetyl chloride whereby succinic acid is 
converted into succinic anhydride. This substance is then condensed with 
p-toluidine in toluene solution to the insoluble succinyl-p-toluide which is 
weighed and recrystallized for identification by means of the melting point 
and crystalline form. The method permits the determination and positive 
identification of succinic acid with a precision of ±: 5 per cent, for a single 
determination when quantities from 1 to 20 mg. are taken. The mean re- 
covery of known amounts of acid in a series of replicate determinations may 
be expected to be about 99 per cent. TJhe only known interfering acid likely 
to be encountered in plant tissue analysis is a-ketoglutaric acid which would 
accompany the succinic acid up to the oxidation step and is itself oxidized 
by permanganate to succinic acid. Accordingly the results of the method 
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include this substance if present. So far as is known, however, a-ketoglu- 
taric acid is rarely present in plants save in small amounts and in any case, 
according to current views, it is closely related to succinic acid in metabolism. 

Succinic acid in plant tissues 

It is clear from the foregoing that the distribution of succinic acid in 
green plants is still largely unknown and there is practically no information 
available with respect to the relative quantities normally to be found. An 
examination was accordingly made of the following plant tissue samples; 
most of these had been previously analyzed in this laboratory fbr organic 
aoids in connection with other studies. 

Beet : variety Detroit Dark Red ; harvested Sept. 28, 1934, 105 days from 
planting; described by Vickery, Pucker, and Clark ( 26 ). Plants treated 
with ammonium sulphate during last 8 days of growth and thereby greatly 
enriched in glutamine content. 

Buckwheat: plants grown in water culture with nitrate as the only 
source of nitrogen ; harvested May 1, 1937, 27 days from transplantation of 
the seedlings; described by Pucker, Wakeman, and Vickery ( 19 ). 

Bryophyllum: leaf samples from greenhouse plants grown in 1939 in 
sand culture with nitrogen supplied respectively as nitrate alone and as 
ammonium nitrate. 

Maize: plants grown in soil in greenhouse; samples collected in March, 
1935. 

Tobacco; seedlings of AT. rustica var. Brazilia and of A. tabacum Rosen- 
berg strain, grown in sand culture with nitrate as source of nitrogen ; har- 
vested Oct. 3, 1939, 6 weeks from planting ; about 4 cm. high with 3 leaves ; 
entire plant analyzed. Leaf, stalk, and inflorescence samples mostly from 
plants grown under shade in the field at the Tobacco Sub-station at Windsor, 
Connecticut. Those dated 1933 have been fully described by Vickery, 
Pucker, Leavenworth, and Wakeman ( 26 ). 

Tomato: plants grown in soil in greenhouse in 1935; 4 months from 
transplantation ; flower buds removed as they formed. 

Rhubarb: leaf samples collected from field grown plants June 6, 1936; 
described by Vickery, Pucker, Wakeman, and Leavenworth ( 27 ). 

The results are given in table I ; succinic acid was present in aU save 
possibly the single sample of rhubarb leaf blade tested. In this case, the 
amount found w^as below the range of the analytical method. It is par- 
ticularly significant that succinic acid does not account for any substantial 
part of the unknown acids of these tissues except for a few of the tobacco 
plant samples; there are only two cases in which it makes up more than 10 
per cent, of the total organic acids. In the extreme ease of maize leaves, the 
unknown acids, that is the organic acids other than malic, citric, and oxalic, 
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TABLE I 

Succinic acid content of plant tissues 


Tissue 

Total oboanic acids 

PER 100 MG. DRY WT. 

Unknown organic 

ACIDS AS percent- 
age of total acids 

Succinic acid 

Melting point 

OP TOLUIDE 

Percentage 

OF DRY WT. 

Percentage op 
total acids 

Percentage op 
unknown acids 


m. cq. 

% 

% 

% 

% 


Beet ; tops 

199 

21.2 

0.21 

1.8 

8.4 

173 

roots 

97 

57.7 

0.47 

8.2 

14.3 

174 

Buckwheat : leaves 

329 

5.7 

0.20 

1.0 

18.1 

174 

stems 

165 

19.9 

0.19 

2.1 

10.5 

176 

Biyophyllum leaves: nitrate 

423 

49.7 

0.23 

0.9 

1.9 

173 

ammonia 

314 

59.3 

0.19 

1.0 

1.7 

175 

Maize leaves 

118 

69.3 

0.19 

2.7 

1 3.9 

176 

Tobacco: rustica seedlings 

164 

38.0 

0.14 

1.5 

3.8 

174 

Bosenberg seekings 

136 

15.1 

0.11 

1.4 

9.1 

173 

stalk (1935) 

114 

54.6 

0.24 

3.6 

6.5 

174 

stalk (1933 K) 

83 

54.4 

0.65 

13.3 

24.3 

175 

leaves (1933 G) 

236 

17.8 

0.55 

4.0 

22.2 

174 

leaves (1933 B) 

182 

20.6 

0.31 

2.9 

14.1 

175 

leaves (1937) 

190 

33.4 

0.21 

1.9 

5.6 

175 

inflorescence (1933 H) ... 

104 

43.4 

0.28 

4.6 

10.7 

174 

inflorescence (1933 I) ... 

55 

27.2 

0.25 

7.7 

28.3 


inflorescence (1933 J) ... 

74 

65.5 

0.80 

18.4 

33.2 

176 

inflorescence (1933 K) ... 

53 

40.7 

0.14 

4.5 

11.0 


Tomato : leaves 

125 

61.6 

0.42 

5.7 

9.3 

175 

stalks 

97 

71.2 

0.52 

9.1 

12.7 

176 

Rhubarb: leaf blade 

279 

30.4 

0.03 

0.2 

0.6 



petiole 

495 

3.4 

0.12 

0.4 

11.9 

173 


account for 69 per cent, of the total organic acidity. Succinic acid, how- 
ever, accounts for only 2.7 per cent, of the total, or less than 4 per cent, of 
the unknown fraction. This result is of especial interest in connection with 
the observations of Wadleigh and Shive (28) ; from a study of the buffer 
index of expressed saps, these authors pointed out the possibility that maize 
leaves may be unusually rich in succinic acid. 

In general, succinic acid makes up from a trace to somewhat less than 
1 per cent, of the dry weight of these tissues, and from about 1 to a maxi- 
mum of 18 per cent, of the organic acidity; in most cases it accounts for less 
than 5 per cent, of the acidity. From the point of view of relative quantity 
present, succinic acid is obviously a minor acid constituent. No example 
has been reported in the literature in which it forms any substantial part of 
the weight of a plant tissue, as is frequently the case for malic, oxalic, and 
citric acids, and, were it not for the fact that succinic acid is easily prepared 
synthetically, it would doubtless rank with such substances as aconitic or 
quinic acids one of the rarer plant acids. The present data show, that, 
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on the contrary, succinic acid is widely distributed, although in small rela- 
tive quantities, and indicate that it may have considerable importance in 
metabolism. The fact that so little is found in a given case suggests that 
the substance is involved in the living tissue in reactions that proceed with 
some rapidity, no great concentration being necessary in order to upset the 
equilibrium relationships in favor of the next product in the series of meta- 
bolic reactions in which it is presumably involved. The more comprehen- 
sive data on the tobacco plant show that succinic acid may vary between 
wide limits in the amount present in different tissues and at different periods 
of development of the plant. 

Succinic acid in the tobacco plant at different stages of growth 

Analyses were also made of a series of samples of tobacco plants that 
represented, respectively, leaf, stalk, and inflorescence tissue collected at 
intervals from plants growing in the field under shade in the season of 1933. 
These samples had been previously analyzed for organic acids, carbohy- 
drates, and nitrogenous components with results that have already been 
published (26) ; frequent reference will be made in the following to the 
data of this publication. The results for succinic acid are shown in table II. 
In the first and second sections of the table, the analyses are calculated in 
the conventional manner as per(‘entages of the fresh and of the dry weight. 
These data, when plotted, give curves that show many irregularities, but 
which indicate that the concentration of succinic acid in the leaf tissue in- 
creased to a maximum at 54 days from transplanting of the seedling and 
subsequently fell rapidly, as the inflorescence developed, to a low and con- 
stant value. Tn the stalk, the <*oncentration of succinic acid when calcu- 
lated on the fresh basis, remained fairly constant; it dropped rapidly, 
however, if calculated on the dry basis, until the final sample of mature 
plants Avith nearly ripened seed-])ods was reached. This sample showed a 
remarkable enrichment in .succinic* acid. 

The behavior of succinic acid in the inflore.scence is particularly strik- 
ing ; at 97 days Avhen the seeds Avere rapidly ripening, the pods had become 
greatly ejiriched and contained, in fact, more than 0.8 per cent, of this acid. 
In the last sam])le, taken two AA^eeks later, the succinic acid in the seed-pods 
had again fallen to a Ioav concentration. Repeated analyses of the.se samples 
Avere made to insure the absence of analytical errors. Reference to the 
earlier analytical data on the same material (26) shows that no other com- 
ponent of the pods for wliich data were obtained, saA^e the uiiknoAvn acids, 
behaved in a similar fasliion, although there Avas a moderate loss of water in 
the final interval between analyses. 

The third section of the table shows the data calculated in terms of milli- 
equiA^alents per single plant. These results are plotted in figure 1 and, in 
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contrast to the percentage data, give relatively smooth curves, the major 
inflections of which correspond to definite phases in the general course of 
development of the plant. Considering first the curve for the whole plant, 
it is clear that succinic acid accumulated rapidly during the preliminary 
period of growth up to 54 days but thereafter, for the next month, changed 
but little. During the last two weeks, however, succinic acid increased with 
remarkable rapidity ; the total amount present in the plant was more than 
doubled. Examination of the other curves shows that this final accumula- 
tion was due to the rapid increase of succinic acid in the stalk of the matur- 



Fig. 1. Succiiiic acid in the tchaceo plant at different stages of growth as measured 
from the time of tiansplantation of the seedling. The plants were of the variety known 
as Connecticut shade-grown and the sampies were taken fiom a normal field crop in the 
season of 1933. 

ing plant, this being far greater than the decrease in the pods during the 
same period. The apparent cessation of succinic acid synthesis in the plant 
as a whole throughout most of the period in which the inflorescence was 
developing recalls the behavior of the citric and oxalic dcid observed pre- 
viously in this same experimental material. There was a marked diminu- 
tion in the rate of accumulation of these acids at the time that development 
of the pods began. Malic acid, on the contrary, continued to increase to 
the end of t!he period of observation, although more slowly in the last weeks 
of growth. 

The details of the behavior can be best appreciated from the separate 
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curves for the leaves, stalks, and inflorescence. Succinic acid increased 
rapidly in the leaves to a maximum at 54 days, but shortly thereafter bef?an 
to decrease, the final value being about one-quarter of the maximum. In 
the stalks, the preliminary rate of increase was slower and the maximum 
was not reached until 75 days ; at 97 days the succinic acid had fallen to a 
very low level, but a phenomenal increase then occurred so that the stalks 
collected at 110 days contained 13 milliequivalents per plant or about 0.68 
per cent, of the dry weight. The inflorescence, which first began to differ- 
entiate at about 54 days, had increased by 61 days so that samples could be 
collected. The ripening process subsequently proceeded rapidly with strik- 
ing increases in dry weight and particularly in the fat content of the pods. 
Succinic acid increased up to 97 days and the sample collected at that time 
was the richest of any tissue hitherto analyzed by the present method. Dur- 
ing the later stages of the ripening period, however, succinic acid diminished 
again to a low level. 

In the fourth section of table II are calculations of the distribution of 
succinic acid in the plant. It is to be noted that, from 35 to 61 days, tlie 
proportion of the total succinic acid of the plant present in the leaves under- 
went very little change in spite of a tenfold increase in quantity. Roughly 
three-fourths of the acid was found in the leaves at each point of observation. 
Subsequently, during the period of development of the flowers and seed- 
pods, the distribution of the succinic acid fluctuated between wide limits 
although the total amount present did not change materially until towards 
the end of this process. These figures indicate clearly that succinic acid is 
a metabolite that is in some manner concerned with the important chemical 
changes that occur during the reproductive period of the development of 
the plant. 


Discussion 

The behavior of succinic acid in the tobacco plant may be considered 
from at least two different points of view. The wide changes in distribution 
of a nearly fixed quantity of the acid that occurred during the development 
of the inflorescence may be considered to furnish an example of transport 
of the acid from one part of the plant to another according to the demands 
of the chemical reactions that took place. The diminution of the quantity 
of acid in the leaves in the interval from 54 to 75 days amounted to 2.83 
milliequivalents per plant. During this time 0.82 milliequivalent appeared 
in the stalk and 0.49 milliequivalent in the pods. There was thus an overall 
loss of 1.52 milliequivalents of acid. *IIowever, in spite of this, migration 
of the acid may have occurred. In the interval between 75 and 97 days, the 
leaves lost an additionil 0.55 milliequivalent and the stalk 2.16 milliequiva- 
lents; peanwhile the pods gained 4.26 milliequivalents. Here there was an 
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apparent new synthesis of 1.55 milliequivalents of acid. Again disregard- 
ing the discrepancy, it is possible to assert that migration of succinic acid 
took place. But in the last interval between collections, that is between 97 
and 110 days, the leaves did not change significantly in succinic acid content, 
the stalk gained 12.7 milliequivalents and the pods lost 3.8 milliequivalents. 
Accordingly there was an increase in the amount of succinic acid in the plant 
as a whole of 8.9 milliequivalents. The increase took place exclusively in 
the stalk and thus, even if the whole of the succinic acid lost from the pods 
had migrated into the stalk, it could account for only a small part of the 
increase. These observations indicate that the idea of translocation as a 
means to account for the fluctuations of the succinic acid content of the dif- 
ferent parts of the plant is at least inadequate. Although nothing has been 
observed that forbids this as a partial explanation, it is obvious that each of 
the tissues possesses the capacity to synthesize succinic acid. This capacity 
is especially pronounced in the stalk during the final period of maturation 
of the seeds. 

A serious objection to the view that succinic acid migrated in substantial 
amounts out of the developing pod tissue in the last period is that the dry 
weight, the ether extractives, and the nitrogen in the pods increased ma- 
terially in this interval (26). The increase in the ether extractives, much 
of which consisted of true fat, was especially striking at this time; there is 
no doubt, from the behavior of the nitrogen fractions that were examined, 
that protein synthesis was going on at a rapid rate in the developing seeds. 
A loss of water from the pods did, in fact, occur ; this may well be accounted 
for simply as the gradual dehydration of the capsules as ripening of the 
seeds took place ; it does not nec^essarily connote migration of water out of 
the pods into the stalk. 

It seems clear, therefore, that the main stream of translocation at this 
period in the development of the plant was into, rather than out of, the 
seed-i)ods. Accordingly, the argument in favor of the view that transloca- 
tion a(*counts for the loss of succinic acid from the pods breaks down in the 
face of the data already at hand in connection with these particular samples 
of tobacco plant material. 

In the early stages of the growth of the plant, it is clear that synthesis 
of succinic acid took place in both leaf and in stalk tissue throughout the 
period up to the beginning of the development of the organs of reproduction, 
at rates such that the distribution, as between leaves and stalk, remained 
practically constant. The amount in the leaves at 54 days increased by a 
factor of 8 over the amount at 35 days; in the stalk in the same interval the 
amount increased by a factor of 13. Actual growth, as measured by the 
increase in dry weight of the respective tissues, was by a factor of 3.5 for 
the leaves and by nearly 15 for the stalk. The increase in succinic acid in 
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the leaves was thus greater proportionately than the rate of growth, although 
in the stalk it was of about the same relative magnitude. 

The observations suggest that succinic acid is best to be regarded as an 
active metabolite concerned in the intracellular chemical reactions. As has 
been seen, there is no need to stipulate that the increases and decreases in 
the different tissues are the results of transport ; rather they appear to reflect 
the course of reactions which proceed at different rates at different periods 
in the life of the plant. Tf succinic acid is related to metabolism in plants 
in some such manner as that envisaged by Chibnall, that is, if it is con- 
tinuously produced and decomposed through the influence of enzymatic* 
oxidation and reduction reactions that have to do with the respiration, the 
behavior observed can be reasonably accounted for. The accumulations 
and disappearances may thus furnish evidence for alterations in the rates 
of the various reactions that in turn depend upon the chemical nature of 
the substrates being respired and the demands of the system for energy. 
Present knowledge of the details of plant cell respiration does not permit 
precise definition of these chemical reactions and this view is suggested witli 
full realization of its entirely speculative nature. It may serve, however, 
to stimulate investigation into a more exact description of the func'tions of 
the organic acids in plants. 

One further point merits attention. It was shown in the earlier discus- 
sion of the composition of this series of tobacco plant samples (26) that the 
so-called unknown organic acids (the difference between the total organic 
acidity and the sum of the malic, citric, and oxalic acids) increased rapidly 
in the stalks at the end of the period of observation. The increase noted 
was 14.0 milliequivalents in the interval from 97 to 110 days. Reference to 
table II, section III, shows that the succinic acid of the stalk tissue increased 
by 12.7 milliequivalents per plant at this time. Accordingly, the marked 
change in the unknown acids previously noted is now accounted for nearly 
exactly as an enrichment of this tissue in succinic acid. Similarly the loss 
of 5.7 milliequivalents of unknown acids from the pods in the same time 
interval is accounted for to the extent of 3.8 milliequivalents by the loss of 
succinic acid from this tissue. 

In the fifth section of table II are given calculations that show the pro- 
portion of the unknown organic acids previously determined that can now 
be accounted for as succinic acid. It is apparent from these figures that 
succinic acid is seldom responsible for any substantial part of the unknown 
acid fraction. Although in the two cases mentioned above, it can be shown 
that the changes in the unknown aci^s are largely due to changes in the 
succinic acid, this is rarely the case. Succinic acid is indeed an important 
member of the group of previously unknown acids, but our knowledge of 
the qualitative composition of this group of substances is still extremely 
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slight. It would be a simple matter to write a list of the acids that might 
be expected from theoretical considerations to be present in such fractions ; 
this, however, is quite a different matter from the demonstration that each 
substance listed does in fact occur in them. The present study shows clearly 
that a satisfactory verification of present-day theoretical views will involve 
a thorough study of the qualitative and quantitative composition of the 
so-called unknown fraction of the organic acids of plant tissues. 

Summary 

Succinic acid is shown to be present in a number of normal pjant tissues 
although the proportion found was in all cases considerably less than 1 per 
cent, of the dry weight. As compared with malic, oxalic, or citric acid, it 
is a minor a(*id consistitueiit. 

A study was made of the behavior of succinic acid during the develop- 
ment of the tobacco plant. The extensive changes in amount and in con- 
centration that this substan<‘e undergoes indicate that it may be regarded 
as one of the more active metabolites of the tissues. 

Although no direct support was found for Ciiibnall^s view that respira- 
tion in plant tissues is to be accounted for in terms of the Krebs citric acid 
cycle, the observations show that one more of the acids concerned in this 
scheme of reactions is widely distributed in plants, and that the changes in 
amount present, at different stages of growth of the tobacco plant, are such 
as to suggest that succinic acid is involved in the reactions that take place 
within the cells. This behavior is to be anticipated if some such cyclic series 
of chemical reactions does indeed lie at the basis of one of the fundamental 
physiological functions of plant cells. 
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BOUND WATER IN PLANT SAP AND SOME EFFECTS OF 
TEMPERATURE AND NUTRITION THEREON 

Ray Calvin Chandler 
(with four figures) 

Introduction 

Most plants develoiiin^ under very favorable conditions for growth are 
tender and exhibit little resistance to frost damage. Certain plhnts, how- 
ever, are capable of developing the capacity to resist freezing and are then 
said to be hardened. While exposure to low temperature is the principal 
natural and artificial agency jiroduciiig such an effect, apparently any con- 
dition unfavorable to growth may contribute to some degree of hardening 
(5, 19, 31,32). 

The work of Rosa (31) and Hooker (16) indicated that the hardiness 
of plants was asso(dated with an increase of hydrophilic colloids. Newton 
and Gortner (29) proposed a cryoscopic method for the measurement of 
such colloids, believing they reflected the amount of water bound by the 
tissue in sucli manner as to protect the plant from frost damage. A vast 
amount of data has accumulated in support of this general view ; namely, 
that colloidal material in the plant may retain water in the liquid state at 
tempei’atures well below the normal freezing point and thus protect the 
plant. The implication here is that hardiness is related to bio-colloids by 
virtue of their water-retaining capacity and that the water thus retained 
is held so firmly to colloidal surfaces that it is unavailable for purposes of 
solution or for ice formation. Such water has been designated as ^ ‘ bound. 

The assumption of a correlation between bound water and hardiness in 
plants elevates the subject to an important position in plant physiology. 
Since the variation in the response of plants to low temperature is a decisive 
factor in ])lant distribution and agricultural practices, the role that bound 
water may play in the temperature effect is a subject of considerable interest. 

The principle involved in the determination of bound water by the cryo- 
scopic or other comparable methods is based upon the thermodynamic 
j)roperties of the solution comprising the sap. It is a well known fact that 
any solute has a definite effect upon the freezing point depression, vapor 
pressure lowering, or osmotic value of pure water ; and the numerical values 
of these three colligative properties are interrelated through the applica- 
bility of the gas laws to solutions. Few, if any, solutes yield the theoretical 
values implied by the gas laws but non-electrolytes approach the ideal value. 
In certain instances, notably in the sap of hardened plants, the freezing point 
depression has been found to be greater than expected. To account for this 
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deviation from the expected freeziuj^ point it has been assumed that a frac- 
tion of the water was bound in such a manner that its thermodynamic 
properties were lost, the bound water molecules being oriented about the 
surface of colloidal particles. On this assumption, there is a plausible rela- 
tion between bio-colloids, bound water, and hardiness. 

Two important questions confront the student of this problem: (a), do 
the data yield a measure of the water bound by colloids as defined above ; 
and (b) has the correlation between bound water and hardiness been 
supported ? 

Consideration of the data arouses some doubt that a satisfactory measure 
of hardiness has been disclosed through bound water measurements (8, 25, 
26, 34). Excellent support for the concept is provided by the work of 
Gobtner and Gortner (11) who found that tender plants did not contain 
bound water while hardened plants indicated the presence of significant 
amounts. On the other hand, Eosa (31) demonstrated hardiness in cabbage 
plants; but Scarth and Levitt (20, 32) found hardened cabbage cells did 
not contain bound water. Stark (34) found large amounts of bound water 
in apple shoots but was unable to distinguish degrees of hardiness. Meyer 
(26) found that the amount of bound water was actually less in hardened 
pine needles than in unhardened needles. This lack of agreement among 
workers suggests that the reality of a correlation between bound water and 
hardiness is still a subject for investigation. 

The concept of bound water consisting of oriented water molecules about 
colloidal particles was discussed in a previous paper (2). By means of 
precise vapor-pressure measurements on dilute gelatin solutions it was shown 
that the random distribution of water molecules was not decreased by the 
presence of the colloid. When the electrolyte (potassium chloride) >vas used 
as the reference substance’ in the gelatin solution its effect upon the activity^ 
of water was less than anticipated, and the magnitude of the deviation of the 
vapor pressure lowering was markedly affected by temperature changes. In 
contrast to the negative deviation observed when the electrolyte was used one 
finds, however, that the use of non-electrolytes such as glucose and su(*rose 
yield positive deviations for comparable measurements of similar solutions. 
It was demonstrated also that both positive and negative deviations from the 
expected freezing-point depression could be produced in non-colloidal solu- 
tions. Theoretical considerations and exi)erimental evidence were adduced 
to show that these deviations might be explained most readily by the special 
properties of ions and of the non-polar and dipolar non-electrolytes in 

1 Referenee substance: a standard solute ^dded to the solution to measure properties 
of the water. 

2 Activity: the thermodynamic concentration rather than the molar concentration. 
In this case the vapor pressure lowering was less than would be found for the same con> 
centration in pure water. 
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aqueous solution. Thus the sifrn and majynitude of the deviation might be 
strongly affected by the character of the solutes in the solution and of the 
reference substance. It was indicated that the deviations often considered 
as a gauge of the water bound by the colloids really reflected the properties 
of the components of the complex solution. 

This paper deals with a study of the effects of temperature and nutrition 
upon significant changes in the activity of water in the sap of plants grown 
under controlled conditions, and of factors responsible for such changes, in 
the light of the foregoing concept. An evaluation of known osmotically 
active substances, and of their changes in concentration, is made and com- 
pared with the change in activity of water. Cryoscopic measurements for 
bound water are included. 

Experiments were accordingly planned to study: (a), the effect of low 
temperature and low [)otassium nutrition on the freezing point depression 
of wheat saj); (b), the deviation of the freezing point from the expected 
value when glucose or potassium chloride is added to the sap from plants 
subjected to low temperature or low potassium nutrition; and (c)^ the 
(quantitative and qualitative change in solutes as the plants harden. 

Material and methods 

Physical measurements were made by the freezing point method. A 
Beckmann thermometer, freezing point tube, air chamber, and insulated ice 
bath constituted the equipment. Two reference substances, the electrolyte 
KPl and the non-electrolyte glucose, \vere chosen as solutes and the ther- 
mometer calibrated by increments of these solutes. Molal freezing point 
depression-concentration curves for both reference substances were prepared 
from data (18) for binary solutions. The deviation of the observed freezing 
point depression from the measurement expeided in binary solution consti- 
tuted the basis for calculations of bound Avater. 

Chemical determinations were made primarily to ascertain the concentra- 
tion of substances effective in the change of activity of water in the plant sap. 

Sugars Avere determined by the Harding and Downs (13) modifit*ation 
of the Shaffer-Hartmann method on fresh cleared sap. 

Amino nitrogen Avas determined by the Van Slyke (35) gasometric 
method immediately after expressing and cliilling the sap. The Sorensen 
formol titration method (33) was also used to check the gasometric method. 

Amide iiitrogen ajid ammonium nitrogen were determined according to 
the methods outlined by McCalla (23). 

Results have been calculated in mols per 1000 grams of water based on 
dry weight det('rminations on samples dried in vacuo at 70^^ C. 

Tlie plant material selected for experimental Avork was the well known 
Minhardi A^ariety of wheat, Triticum vulgarc. The suitability of Minhardi 
wheat for studies on hardiness and bound water has been shoAvn by several 
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investigators ( 1 , 10 ^ 24 , 28 ). Dexter ( 7 ) showed that this wheat could be 
hardened by exposure to cold temperature, and most effectively when the 
plants were illuminated. 

Minhardi wheat was germinated according to the procedure of Hoagland 
and Broyer ( 16 ) and transferred at the end of seven days to nutrient solu- 
tion tanks (fig. 1). In order to note the effects of potassium deficiency in 



Fig. 1. Minhardi wheat grown in culture solution tank showing tjpical top and loot 
development at end of the experimental peuod for unhaidened plants. 


some of the experiments the nutrient solutions were made up as high potas- 
sium (HK) and low potassium (LK) solutions; plants grovn in these solu- 
tions will be referred to as HK and LK plants. At the beginning of each 
experiment there was a supply of 600 ml of solution per plant witli the 
following ion concentrations : 


Ion 

Equivalents x 10‘ 

1 — — 

i HK SOLUTION 

LK SOLUTION 

K 

31 

1 

NO, 

100 ‘ 

100 

PO4 

19 

19 

SO 4 

35 

35 

Oa 

51 

51 

Mg 

20 

20 

Na > 1 

0 

30 


TABLE I 

Experiments ox expressed s vp of Mixhardi wheat under various conditions op nutrition and temperature 
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The HK solution furnished satisfactory conditions with respect to nutrition 
throuj?hout the experimental period. The LK solution distinctly limited 
growth but apparently produced healthy tissue. Experiments 1 to 5 were 
preliminary experiments carried on outside the greenhouse. The plants for 
experiments 6, 8, 9, 11 and 13 (table 1) were grown in the greenhouse at 
20® C. until time of harvest. Plants for experiments 7, 10, 12, 14 and 15 
(table I) were also grown at 20® C. through a developmental period to an 
age and size comparable to that of the first group ; they were then transferred 
to a cold room at 0® C. where they received illumination from a 500-watt 
Mazda lamp for 15 hours per day for a period of time previous to harvest 
as shown in table I. 

Normal healthy tissue was ground fine and the sap expressed at a uni- 
form pressure of 70 atmospheres. The fresh expressed sap was chilled and 
determinations were made of the pH, freezing point depression of the sap 
before and after solutes w’ere added, sugars, conductivity, and moisture 
content of the sap. These data are also presented in table I. Buffer curves 
for experiments 9, 10, 11, 12, 13, 14, and 15 are shown in figures 2 and 3, and 
formol titration curves for experiments 13, 14, and 15 appear in figure 4. 



Fia. 2. Titration curves for (a) high potassium plants, hardened and unhardened; 
(b) low potassium plants, hardened and unhardened. 

< 

Important nitrogen fractions which might affect the freezing point of the 
sap were determined for experiments 13, 14, and 15 as shown by table III. 
Changes in freezing point depression and in concentration of solutes as 
plants harden are presented ^n table IV. 
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Fio. 3. Change in titration curve (HK plants) with hardening. 



Pig. 4. Formol titration curves showing change with hardening process. 

Experiments 6, 7, 8, 9, and 10 were on HK plants. The plants of experi- 
ments 7 and 10 were subjected to low temperature for 14 days. Experiments 
11 and 12 consisted of LK plants grown for 56 days at 20® C* in one tank. 
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Plants for experiment 12 were then hardened for 17 days. Plants for ex- 
periments 13, 14, and 15 were all grown for 39 days in one large tank under 
very favorable conditions for growth with respect to temperature and nutri- 
tion. At the end of this period, plants for experiment 13 were analyzed and 
240 plants of the same lot were transferred to the cold room. After 22 days' 
exposure the plants for experiment 14 were analyzed and 12 days later (after 
34 days of cold exposure) plants of experiment 15 were examined. 

Results 

The opposing results obtained in freezing point determinations by the 
use of electrolyte and non-electrolyte as reference substances for the 
measurement of deviations is fairly consistent throughout (table I). The 
general effect of unfavorable environment due to high temperature, low 
temperature, or deficient potassium nutrition is reflected in deviations which 
are often attributed to bound water. On the other hand, plants grown under 
favorable conditions (table I, exps. 6, 8, 9, 13) showed negligible deviations 
when glucose was used as the reference substance. When wheat plants were 
subjected to cold temperature, the sugars increased (compare expts. 7 and 8, 
10 and 9, 12 and 11, 14 and 13). After 22 days' exposure to cold the sugar 
content began to decline (expts. 14, 15) ; after 34 days of exposure, however, 
it still exceeded that in the unhardened plants. The freezing-point depres- 
sion increased with hardening of the plants. 

Table II presents the factors contributing to the freezing-point depression 
in a number of experiments. These experiments are divided into two groups. 
The first group contains data from those experiments in which the deviations 
were negligible while the second group deals with those experiments in which 


TABLE II 

Sugars plus electrolytes and ''other causes'' as factors in prodiction 
OF freezing point depression 


Experi- 

ment 

Nutri- 

tion 

Treat- 

ment 

FPD 

IWAL 

FPD* DUE TO 
SUGARS AND 

electrol. 

PPD 

other 

CAUSES 

Dev. 

GLUCOSE 




oC. 

oa 


% 

6 

HK 

Unhardened 

0.981 

0.553 

0.428 

“1.2 

8 

HK 

i t 

0.956 I 

0.421 

0.535 

-0.7 

9 

HK 

<< 

1.508 

1.135 

0.373 

0.8 

13 

HK 

(4 

1 1.130 1 

I , 

0.624 

0.506 

“0.9 

7 

HK 

Hardened 

1 1.959 

0.832 

1.127 

5.6 

10 

HK 

( t 

2.130 i 

0.919 

1 1.211 

15.1 

14 

HK 

<4 

1 1.950 j 

0.854 

1.096 

5.8 

11 

LK 

Unhardened 

1.483 i 

0.781 

0.702 

7.9 

12 

LK 

Hardened 

2.294 

0.947 

1.347 

12.3 


* Calculated as mols sugar x 1.86 plus mols electrolyte (as KOI) x 3.40. 
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marked deviations were observed. It will be noted that the freezing-point 
depression of the first group is not completely accounted for by the sugars 
and electrolytes. In spite of considerable differences in the total freezing- 
point depression of these members, the margin due to ‘'other causes*’ listed 
in column 6 is fairly constant, amounting to some 0.4 to 0.5® C. When one 
compares the two groups it is found that the portion of the freezing-point 
depression due to “other causes” is some two or three fold greater in the 
second group. 

Interpretation of the foregoing data may be made by aid of figures 2, 3, 
and 4. Figure 2 shows titration curves for experiments 9, 10, 11, and 12. 
There is a strong shift between pH 8 and 9 in the curves for sap from plants 
subjected to low temperature, low potassium nutrition, or a combination of 
these treatments. Figure 3 also presents titration curves for experiments 
13, 14, and 15 in which time of cold exposure is correlated with the amount 
of alkali required for the titration. Inspection of these curves suggests that 
they are titration curves for amino acids. Figure 4 consists of formol titra- 
tion curves for experiments 13, 14, and 15 and provide a measure of the 
amino acid concentration according to the Sorensen technique (33). De- 
terminations of the amino acid concentrations were also made by the Van 
Slyke gasomctric method (35). The relatively large amounts thus disclosed 
indicate that the amino acid concentration is an important factor contribut- 
ing to “other causes” in the second group in table II. 

Amino acids and other soluble nitrogen fractions which might contribute 
to the freezing point depression are listed in table III. In table IV are shown 


TABLE III 

Soluble nitrogen fractions. Experiments 1 . 3 , 14 and 15 


Experi- 

ment 

Treat- 

ment 

Amino N 

[ Amide N 

NH 4 -N 

Van Slyke 

St^RENSEN 



moh 

mols 

mols 

mols 

13 

Unhardened 

0.052 

0.052 

0.0046 

0.0070 

14 

Hardened 

0.369 

0.288 

0.0283 

0.0054 

15 

Hardened 

0.542 

0.348 

0.0550 


the changes observed as the plants hardened, with respect to sugars, soluble 
nitrogen, and freezing-point depression. The fourth column gives the calcu- 
lated value for the change in freezing-point depression that should be due 
to the sum of the changes in sugars and soluble nitrogen fractions. Complete 
data for the changes in electrolytes is not available but would have little 
effect. It is shown however that the changes in freezing-point depression 
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closely parallel the changes in solute concentration without resort to a 
hypothesis for bound water. Cryoscopic measurements on the sap of these 
same plants yielded a large positive deviation when glucose was used as the 
reference substance, while potassium chloride showed a large negative devi- 
ation. 

TABLE IV 

Changes in the freezing point depression, sugars and soli^ble 

NITROGEN AS PLANTS HARDEN 


Experi- 

ment 

Freezing 

POINT 

depression 

Change in 

FREEZING 
' POINT 

DEPRESSION 

Calc. FPD* 

DUE TO 

change in 

SOLUTES 

Change in solutes 

PER LITER 

1 Sugars 

Sol. nitrogen 







. 13 

1.130 

0.000 

0.000 

0.000 

0.000 

14 

1.950 

0.820 

0.930 

0.161 

0.339 

15 

2.368 

1.238 

1.174 

0.098 

0.533 


♦ Calculated in °C. (mols solute x 1.86°). 


Discussion 

The term bound water has been applied indiscriminately to a wide range 
of phenomena extending from studies of non-vaeuolate cells (22) and seeds 
(21) at low temperature to phenomena observed in higher plants at tem- 
peratures not far below the freezing point of water. Low temperature 
studies are essentially studies of colloids at low water content while, at the 
higher temperatures, the water content of the tissue is high and the sap is 
complex in composition. As was pointed out previously (2), it is justifiable 
to distinguish two classes of phenomena with respect to water relations in 
colloids: first, those that occur at low water content in which the energy 
changes arise through irreversible processes; and, second, phenomena oc- 
curing at temperatures above the eutectic temperatures of the solutes where 
free energy changes are due to reversible processes. It is the latter class of 
phenomena that is considered in this and many other studies on bound water 
and hardiness in plants. 

The question arises as to the justification for the assumption (a) that an 
unusual value for a thermodynamic property of water in plant sap indicates 
bound water and (b) that hardiness is the result of this phenomenon. The 
foregoing experiments show that the quantitative changes in the concentra- 
tion of solutes in sap during the process of hardening accounts quite satis- 
factorily for the change in freezing point depression. Moreover, the quali- 
tative changes in solutes would be expected to cause deviations in the freez- 
ing point depression such as are obtained by use of the cryoscopic method. 
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The increase in total sugars, the accumulation of sucrose, the development 
of amino acids, and the positive deviation in freezing-point depression when 
glucose is added to the sap, are all characteristic responses of many plants 
that harden when subjected to cold temperature. The results reported here 
are in general agreement with other investigations with the exception of the 
larger amounts of amino acids reported. The evidence that the deviations 
observed in sap from hardened plants may be either positive or negative by 
proper choice of a reference substance is new and striking. Since there is 
no need to postulate bound water, and it is difficult to apply the former 
concept of bound water to both positive and negative deviations in the same 
solution, it is more suitable to ascribe the phenomena to the general prop- 
erties of the solution than to the special properties of colloids (2). 

The data obtained in the study of this plant agree quite well with the 
experiments previously reported on colloidal and non-colloidial systems (2) 
wherein it was shown that the sign of the deviation depended upon the Bum 
of the interacting forces within the solution and that the properties of the 
reference substances markedly affected the results. It is reasonable to con- 
clude that in a natural solution consisting of water, organic acids, proteins 
and their intermediate products, one finds the same behavior regarding col- 
ligative properties, and the deviations therefrom, which may be expected in 
other complex solutions. The deviations observed are those characteristic 
of solutions in general. 

In the case of Minhardi wheat the freezing-point depression and the 
deviations therefrom were most closely related to the change in amino-acid 
concentration. Doubtless other plants might respond differently. The fact 
should not be overlooked, however, that the principal factors involved in 
hardening may be other than this. 

The deviations observed in these experiments seem satisfactorily ex- 
plained by the properties of the solution due to charged ions, non-electro- 
lytes, polarizable water molecules, and solute molecules of high dipole mo- 
ment. Consideration of these facts suggests that any method based upon 
colligative measurements may be expected to give anomalous results when 
complex solutions are subjected to changes in concentration and that the 
deviations measure the sum of the effects of the various components upon 
water rather than the water bound by the colloid. The observ ations may be 
explained by assuming that when a non-electrolyte is added to sap from a 
hardened plant the ions and amino acids tend to ‘‘salt out’’^ the non-electro- 
lyte and hence produce a positive deviation in the freezing point depression. 

s ^ * Salt'Out * ' is a term applied to the decrease in solubility of proteins, gases, etc., 
by the addition of salts to the solution. Salting in^’ refers to the increase in solubility. 
In a broader sense, these terms reflect the change in activity in components of a solution 
by the addition of another solute. 
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Likewise when a suitable electrolyte is added to the hardened sap the com- 
ponents having dipolar properties decrease the characteristic effect of the 
electrolyte upon the water; that is, the electrolyte is “salted in^^ and the 
magnitude of the freezing point depression or any other colligative measure- 
ment is less than expected. Thus any method involving great changes in 
concentration may lead to unexpected changes in the activity of water. 

Data obtained by many workers by various methods indicate that some 
0.4 and 0.5 grams of water per gram of colloid is associated with the colloid 
and has properties that differ from those of the solvent. The data of Dexter 
(6, 7) and Rosa (31) indicate that wheat and cabbage plants enjoy definite 
protection at temperatures where the moisture content is well beyond the 
limit where bound water could be effective. While it is conceivable that 
some plants subjected to temperatures below the eutectic temperatures of 
the solutes of the sap might benefit by water retained in the liquid state 
through binding, perhaps the dominant factor involved in most cases is the 
unusual capacity of these plants to survive desiccation. It appears that the 
water in the sap of plants behaves just as it does in other aqueous solutions 
of similar complexity and may exhibit apparently abnormal behavior due to 
special properties of the components of the sap, especially crystalloidal com- 
ponents. 

Summary 

The bound water phenomenon has been studied in sap expressed from 
hardened and unhardened wheat plants of a typically hardy variety. The 
cryoscopic method was employed, using two types of reference substances. 

The behavior of the biological solution has been interpreted on the basis 
of a similar study on artificial colloidal and non-colloidal solutions. 

It appears that “ bound ’’ water in plant sap, as determined by colligative 
methods, is a refiection of all the components of the sap and of the reference 
substance where such is used. It is a hypothetical amount of water esti- 
mated to account for the difference in value of a property of water in com- 
plex solution and its value in simple solution. 

Water in sap seems to have the normal properties of water found in any 
complex solution. 

Changes in the thermodynamic activity of water in sap as plants harden 
may be accounted for most satisfactorily by the quantitative and qualitative 
changes in solute as a result of physiological response to environment. 

The writer acknowledges a debt of gratitude to Dr. A. R. Davis for as- 
sistance and encouragement during the progress of this study. 

TJnivkbsity of Cvlifornu 
Bebxkley, Calipoenia 
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THE RESPIRATORY METABOLISM OF McINTOSH APPLES 
DURING ONTOGENY, AS DETERMINED AT 22° C. 

G. Krotkov 
(with nine figubes) 

Introduction 

Our knowledge of the respiratory metabolism of an apple fruit has been 
derived heretofore from examinations of continuous respiration records, 
and from the study of records so short, that they give nothing but the initial 
rates of respiration. The former are available only for apples in the later 
stages of their life (1, 3) ; the latter provide information for apples in all 
stages of their ontogeny (2). 

A respiration record of a starving fruit may be looked upon as an ex- 
pression of the physiological state, in which this fruit was present at the 
beginning of examination. By comparing a number of such records, pro- 
duced by fruits in various stages of their ontogeny, one can follow the 
changes in the physiological state of a fruit during its development. By 
extrapolating the tendencies observed during ontogeny to the time of com- 
mercial picking in the fall, one gets a picture of the physiological drifts in a 
fruit at that time. 

Such a method of attack, based on the knowledge of the past history, 
can give valuable information which cannot be easily obtained from direct 
studies of a fruit already in storage. Since a search through the literature 
failed to reveal any complete sets of such records for any variety of apple, 
it 'was decided to obtain them. The McIntosh apple was selected as experi- 
mental material since it is one of our most important commercial varieties. 

Materials and methods 

The work reported below was carried out in 1939, following the pre- 
liminary tests of the preceding year. A full grown McIntosh tree was 
selected in one of the largest commercial orchards near Kingston, and all 
of the apx)les studied came from this tree. Apple blossoms began to drop 
their petals on June 1st, and this date was taken as the time of fruit setting. 

Samples of apples were taken throughout their ontogeny, beginning 
from two weeks after setting, and continuing until the death in storage of 
all the apples picked later in the fall. During the summer and early in 
the fall, fruits were picked directly from the tree. On October 2, all the 
remaining apples were gathered, and a hamper of ungraded fruits was 
brought to the same constant temperature room in which all the samples 
were kept for study. They were spread on shelves in boxes and stream 
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of air was drawn over them to remove the CO 2 produced. All of the samples 
taken after this date were selected from these apples. Throughout the 
ontogeny samples were taken for respiration studies and starch deter- 
minations. 

Samples taken for respiration studies on June 14, 16, 27, and 29 con- 
sisted of six, six, five, and two apples, respectively. All subsequent samples 
were of one apple each. Previous to the taking of each sample, all available 
apples were examined, and only average looking fruits were selected. As 
soon as a sample was taken, notes were made on the color of the apple. The 
fruit was then brought to the laboratory, weighed, and enclosed in a glass 
respiration chamber,^ which in turn was placed in a constant temperature 
room kept at 22 ±: 0.5° C. A stream of air drawn by a pump was passed 
over soda lime to free it from CO 2 , over a weak solution of Ba(OH )2 to 
bring it to a constant moisture content, over an apple in the respiration 
chamber and, finally, through a Pettenkoffer tube filled with 50 ml. of 
standard Ba(OH) 2 . The Pettenkoffer tubes were changed daily, and the 
residual Ba(OH )2 of each tube was titrated against standard HCl, using 
phenolphthalein as an indicator. The results have been expressed as milli- 
grams of CO 2 produced per 100 grams of the initial apple fresh weight 
per hour. 

Respiration of every sample was followed until the breakdown of the 
apple was apparent. With one exception, this appeared to have been caused 
by fungal infection spreading from the calyx. In only one case (sample 33) , 
was it apparently due to some internal cause. One or two days previous to 
this apparent breakdown, there was a sudden and considerable increase in 
the CO 2 production, which apparently was produced while the internal 
organization of the apple was breaking down. In this work the respiration 
record was considered to have terminated immediately after the last low 
value, subsequent to which there was this increase in the CO 2 production, 
and one or two days later an apparent disintegration of the apple. 

Samples of apples for the tests of their starch content with iodine were 
taken throughout the entire ontogeny of fruits. Each of these samples 
consisted of several apples, one of which was tested at once ; the remainder 
were put in the same constant temperature room under conditions similar 
to those of the respiration samples. The starch content of these apples 
was determined later. 

Results 

Respiration records produced by different samples are shown in figures 
1-4. ^ Chronological number of each sample is given in the upper left-hand 
comer. At the bottom of each record there are letters, indicating the ground 
color of the apple at the time of its examination. Pour colors were distin- 
1 Made by C. L. Muller, 6 Parton St., Bed Lion Square, London, W. C. 1, England. 
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guished : green (G), yellowish-green (Y-G) greenish-yellow (G-Y) and yel- 
low (Y). 

Respiration of every apple from nos. 35 to 27 was represented essentially 
by the same gently declining line, which had been previously reported by 
several workers (1, 3) for the apples in storage. None of these apples were 
of pure green color, and all showed a transition from green to yellow. The 
most apparent point of difference among these records was that of durations 
the earlier an apple was taken, the longer it lasted. 

The respiration record of apple no. 25 was not of the same continuously 
declining type. It started with a low initial value, went up rapidly in the 
climacteric rise, after which it continuously sloped down, in the same man- 



Fio. 1. Respiration records of apple fruits during starvation. The first date on the 
abscissa is the day of taking the sample. 

ner, as did all the samples taken later. The climacteric rise for McIntosh 
apples was previously reported by Phillips ( 4 ). 

Api)le no. 23, which was taken six days earlier, not only displayed the 
same climacteric as did no. 25, but previous to this it exhibited a brief 
preclimacteric period of several days duration. 

The record of apple no. 21, though essentially of the same type as that 
of no. 23, showed for the first time a new feature. Following a climacteric 
rise, it did not slope continuously down, as was the case in all of the apples 
taken later; after a brief decline it again rose slightly, and then resumed 
its steady fall. This temporary rise on the declining arm of the respiration 
record might be passed unobserved, if it were not for the fact that apples 
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picked earlier had this hump developed to a considerably greater degree. 
In the record of apple 13a this hump was even larger than the climacteric 
itself. This additional rise and fall has been provisionally called a ‘‘post- 
climacteric hump/’ since it occurred after the climacteric. 

In the record of apple Ha this postclimacteric hump was obscure. In 
that of apple 9c it was again quite apparent, though developed to a con- 
siderably lesser extent than the climacteric. In addition, this hump 
shifted its place from that shortly after the climacteric, to the end of the 
record. A postclimacteric hump was absent from the records of all the 
samples taken earlier than was 9e. 
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Fig. 2, Eespiration records of apple fruits during starvation. The first date on the 
abscissa is the day of taking the sample. 

While in the records of apples from 23 to 19 the preclimacteric period 
was represented by a straight line more or less parallel to abscissa, the first 
deviation from this type was produced by apple 17a. In this sample, the 
respiration record started with a high value, declined rapidly at first, and 
flattened out later. This deviation is still more pronounced in the record 
of apple 15a, and especially in that of 13a. In the last record there was 
an appearance of another possible feature of a preclimaeteric period: an 
indication of a slight hump in its flat portion. This hump was displayed 
even more by apple 11a, and in apple 9c it was developed onlj^ slightly 
less at its peak, than was the climacteric ^itself. Since this hump was present 
in the preclimacteric period of a respiration record, it has been provisionally 
called a “preclimacteric hump.“ 

All of the apples, whose respiration records are shown in figures 2 and 3, 
were initially green in their ground color, and all of them began to turn 




Fio* 4. Bespiration records of apple fruits during starvation. The first date on the 
abscissa is the day of taking the sample. 
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yellow after the beginning of the climacteric. We can consider, therefore, 
that one of the signs of the onset of a climacteric, is this change in color 
from green to yellow. 

Respiration records of samples of 2 to 7b were all essentially of the 
same declining type — ^falling more rapidly at first and with a tendency to 
flatten out later. On this type of record there might be present either one 
(sample 3a, 3c), or several (sample 7b) humps. 

Tests for the presence of starch in apples revealed that no starch was 
present in apples picked on June 28th. On July 6th the first traces of starch 
were observed ; from July 11th and until August 8th there was an abundance 
of starch in both cortex and pith. Prom August 15th there began a (con- 
tinuous decrease in the starch content until apples examined on October 
12th either had no starch at all, or mere traces of it. 

As the place for the storage of starch, the cortex of the receptacle (out- 
side the ring of vascular bundles) was found to be far more important than 
the pith. In the earlier stages of ontogeny the appearance of starch in the 
pith lagged behind its appearance in cortex. In the later stages starch 
disappeared at first from the pith and only later from the cortex. Disap- 
pearance of starch from the cortex was found to take place in the three 
following stages : 

(1) There was an appearance of clear areas without any starch in other- 
wise starch-containing tissue. This suggested at least a physiological 
heterogeneity of tissue; otherwise there should be a uniform decrease in 
the intensity of the blue color throughout the whole cortex. 

(2) Starch-containing areas changed their color from very deep blue to 
lighter shades. 

(3) There was a progressive disappearance of starch, starting from the 
center of an apple and spreading towards its periphery. The last traces 
of starch were always found under the skin. 

Since exact quantitative data are lacking, no complete picture can be 
given now on the disappearance of starch from apples during starvation. 
The general trend of events is clear however. Starch is brought down from 
abundance to mere traces within two weeks, and when its initial amounts 
are low, this time may be shortened even more. 

Analysis and interpretation of data 

The initial respiration rates plotted against the time of taking samples 
are shown in fi^re 5. The graph obtained represents the changes in the 
respiratory pot^tiality of apples during their ontogeny, and is an approxi- 
mation to the respiration of apples on a tree and in storage, when corrected 
to the sa|ue temperature of 22° C. 

During the early part of its course this graph declines rapidly, while 
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later its fall is more gradual. Shortly before the time of picking of apples 
in October it goes up in the climacteric rise, following which there is a gentle 
decline until death in storage. This rapid decline of respiration during the 
first month of growth (June) corresponds to the period of cell multiplica- 
tion. Absence of starch during this month is probably due to a heavy de- 
mand on sugars for the formation of new cells. When, in the following 
stage of cell enlargement, this demand subsides, then the excess of sugars 
is condensed into starch. 
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Fio. 5. Changes in the initial respiration rates of apple fruits during ontogeny. 

Examination of figures 2 and 3 reveals that in each respiration record 
the minimal rates at the end of its preclimacterie and climacteric periods 
are usually not far apart. Figure 6 compares these two rates for the various 
samples of apples, and it is evident that these two are very close in each respi- 
ration record, and also that in different records they both vary in the same 
direction. Apples, taken after September 25, have no preclimacteric period ; 
in such fruits only climacteric minimal rates are available. 

Two explanations have been given as to the cause of the respiration rise 
in a climacteric. Blackman (1) suggested that this is due to an increase 
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in the hydrolysis facilities of tissues, as result of which there is an increase 
in the concentration of the respiratory substrate. On the other hand, 
Kim > (2) considered it to be connected with some change in protoplasm itself. 

The mutual proximity of the minimal preclimacteric and climacteric 
rates in each record can easily be explained as caused by changes in the 
concentration of the respiratory substrate. On this ground the observed 
decrease in the respiration during the preclimacteric period is due to the 
progessively decreasing concentrations of the respiratory substrate. When 
the amount of this substrate broken down just fails to yield the amount of 
energy necessary for the maintenance of the proper protoplasmic organi- 
zation, then there is 'an appearance of either a new substrate, or, if still the 
same, at least from a new source. The increased concentrations of this new 
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Pig. 6. Changes in the preclimacteric and climacteric minimal respiration rates of 
apple fruits during ontogeny. 


substrate are causing an increase in the respiration rates resulting in the 
climacteric rise. 

This new substrate, however, is eventually also brought down to such a 
low concentrataion that it fails to yield the necessary amount of energy. 
When this does happen, death occurs since there is no other source of the 
respiratory substrate to supply the deficiency. This mutual proximity of 
the minimal preclimacteric and climacteric respiration rates is due then to 
the fact that both represent the sam^ thing; namely, the basal rate of 
metabolism for these apples under the described conditions. An increase of 
this rate in younger apples, and decrease in older, supports this view. 

It was pointed out earlier in this paper that with the exception of one 
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sample, death appeared to have been caused by fungi. It is hardly a coinci- 
dence, that an apple always succumbed to a fungus at the time its climacteric 
respiratory rate dropped to the same low value, as it had been at the end 
of its preclimacteric period. A more probable explanation of this fact is 



Fig. 7. Total CO 2 produced in starration by apple fruits in various stages of 
ontogeny. 

that a fungal infection did take place only when an Apple has reached a 
definite physiological state, represented by a definite rate of respiration. 
According to the view outlined above, an apple succumbed to a fungal attack 
when its respiration fell below its basal metabolic rate, and the final disinte- 
gration of its protoplasmic organization already was beginning to take place. 
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In other words a fnngal infection was one of the consequences of death, and 
not the cause of it. 

The preclimacteric and postclimacteric humps are two other peaks which 
were observed on some respiration records. The preclimacteric hump was 
present in samples 13a, 11a, 9b, and, probably, in 3a. The reason why the 
hump produced by sample 3a is considered to be preclimacteric, lies in the 
absence of color changes. It was pointed out earlier in the paper, that a 
climacteric period is associated with the change of color from green to yel- 
low. Since sample 3a remained green throughout its entire life, in the 
absence of any better methods for the identification of this period, the stand 
is taken that this hump is a preclimaeteric and not a climacteric one. 

Figure 7 gives for various samples the total CO 2 produced by the whole 
record, as well as CO 2 produced during its preclimacteric and clima(*teric 
periods. The graph for the total CO 2 production starts with a high value, 
and falls rapidly during the mouth of June.'^ It goes up from the beginning 
of July and reaches its peak by the end of the month; after this there is a 
continuous decline, rapid at first and slower later, interrupted only by a 
secondary peak at the time of the climacteric. 

No separation of respiration records into the preclimacteri(‘ and climac- 
teric periods can be seen in samples taken during the month of June. But 
when in later samples, such a separation becomes established, the climacteric 
period then contributes the bulk of CO 2 . The graph for the CO 2 produced 
in the climacteric is at first closely parallel to that of the total CO 2 ; from 
the end of September, when the preclimacteric period disappears entirely, 
these two graphs merge into one. 

The ground on which the hump exhibited by sample 3a is considered to 
be preclimacteric and not climacteric, has been given above. Other samples 
taken in June produced continually declining respiration records; humps, 
if present, were not followed by death; and, finally, apples did not show 
color changes from green to yellow. 

On all these grounds respiration records of June samples have to be 
considered as represented by the preclimacteric periods only. On the basis 
of this conclusion figure 8 gives the total CO 2 of both preclimacteric and 
climacteric periods of respiration, produced by apples in various stages of 
their ontogeny. In June, when apples are present in the stage of cell multi- 
plication, all their CO 2 is produced in the preclimacteric period. The onset 
of cell enlargement brings a steady decline of the preclimacteric, inter- 
rupted only by two secondary peaks, and by the end of September this 

* The two last values of this month, while^ placed on this graph correctly chronolog- 
ically, ontogenetically should be plotted earlier. ' Samples 7a and 7b, taken on June 29th, 
both were charaeteriased by higher initial respiration rates, than sample 5 taken on 
June 27th, 
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period disappears completely. On the other hand the climacteric period 
does not appear until apples have entered the stage of cell enlargement. 
But once established it gains rapidly in magnitude, reaching a peak a few 
weeks later, and then declines until the complete extinction of the pre- 



fruits in various stages of ontogeny. 


(climacteric period. From this time on the climacteric is the only period 
represented in respiration. 

Figure 9 presents, for the various samples, the length in days of total 
respiration records, and the respective preidimacteric and climacteric 
periods. A careful examination of this figure, and its comparison with 
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figure 7, reveals a considerable similarity between the two. The most 
apparent difference is the short life of apples picked in June, in spite of 
the large amounts of CO 2 produced by them. But from the beginning of 
July onward, the total life of an apple, and the duration of its preclimacteric 
and climacteric periods are all directly proportional to the total amounts 



Fig. 9. Buration in days of the total respiration records, and of their respective 
periods, as observed in apple fruits present in various stages of ontogeny. 
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of CO 2 produced in them. Since during this time CO 2 is produced either 
mainly or exclusively in the climacteric period, the duration of life depends 
now on the total amounts of the substrate for this period present in an apple. 
The larger these amounts, the longer an apple will last. The practical im- 
portance of more work for the elucidation of the nature of this substrate 
and of the conditions favoring its accumulation is obvious. 

The work reported above was actually carried out using as experimental 
materials, not only McIntosh but Northern Spy apples as well. The data 
obtained for both apples, while different quantitatively, were so alike quali- 
tatively, that in some cases data for the Spy apples helped in the interpreta- 
tion of those for the McIntosh. The only important point of difference 
between the two varieties is the greater sensitivity of Spy apples to higher 
temperatures in later stages of their ontogeny. Thus while early Spy 
samples produced respiration records strikingly similar to those of Mc- 
Intosh, samples studied in October began to disintegrate before their climac- 
teric rate reached a value comparable to their minimal preclimacteric value. 
Duration of life in such Spies was considerably less than in McIntosh apples. 

Summary 

1. A number of continuous respiration records of McIntosh apples is 
presented. These were produced by samples of apples taken throughout 
the whole ontogeny of the fruits, and stored at 22® C. 

2. A complete respiration record of a fruit is found to consist of a pre- 
climacteric and a climacteric period. The relative importance of these two 
periods in various stages of fruit ontogeny is described. It is shown that 
the earliest records are represented by the preclimacteric and the latest by 
the climacteric periods only. 

3. A tentative explanation is given of changes in a complete respiration 
record, based on the assumption that these are due to variations in the con- 
centration of the respiratory substrate. 

4. From the data presented it is concluded that a fungal infection did 
take place only after an apple had reached a definite physiological stage of 
its starvation, and when disintegration of its protoplasmic organization 
already was taking place. Fungal infection, consequently, was one of the 
consequences of death, not the cause of it. 

5. The life in days is given for the apples in various stages of their 
ontogeny. From the beginning of July and onward, a direct proportionality 
is observed between the duration of life, and the total amounts of the CO 2 
produced by apples in the climacteric period of their respiration. 

6. The value of the reported work is considered to be two-fold : first, it 
gives a general idea of the respiratory metabolism of McIntosh apples during 
their ontogeny; second, it may serve as a kind of time table, so that if in 
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the future it is decided to investigate in detail any particular stage of 
metabolism, one can choose for this purpose the best suited age of apples, 
and one knows how far apart samples for analysis should be taken. 

The author wishes to express his thanks to Mr. L. Day for the technical 
help in carrying out these experiments, and to Mr. P. H. LaBrosse who 
kindly provided all of the experimental material from his orchard. Part 
of the expense of this research was defrayed by a grant from the Science 
Research Committee of Queen’s University. 

Queen ’s University 
Kingston, Ontai^io 
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THE EFFECT ON BARLEY SEEDLINGS OP SOME INTER- 
RELATIONS OP CATIONS AND ANIONS IN A 
THREE-SALT NUTRIENT SOLUTION 

Wendell E. M tj l l i s o n 
(with two figures) 

Many investigations have been made of the nutrition of plants grown in 
sand and water culture, and more particularly of the results of the de- 
ficiency of one or more specified ions in an otherwise complete nutrient 
solution. In almost every case, the deficient element was replaced in the 
nutrient solution by another one. 

Recently a method was described by Hamner ( 4 )’ whereby the anions or ’ 
the cations of a three-salt nutrient solution could be varied and yet have the 
rest of the nutriejit solution almost constant without the addition of other 
elements than the original ones. Thus, calcium, magnesium, and imtassium 
could be varied while the nitrates, sulphates, and phosphates remained 
nearly constant, and vice versa. By this method, involving the use of two 
triangle systems, the concentrations of only three ions, cations or anions as 
desired, are varied whereas in the ordinary triangles both the anions and 
cations are varied, thus resulting in the variations of all six ions at the same 
time (7). 

This method was first used in studying growth responses of a legume, 
and since this type of plant often has a different physiological response from 
other ]>iants, the following experiments were carried out with barley, a 
member of the grass family. 

Barley seeds selected for uniformity were planted in quartz sand in 
glazed 4 x 8-inch self-draining crocks. Ten seeds were planted in each 
cro(‘k and three cro(*ks were used for each point of the triangle. Plants were 
watered with distilled water until the first leaf was about 5 cm. tall, after 
which they were watered on alternate days with nutrient solution and were 
fluslied out each week with distilled water. 

All exi)eriments were repeated twice later in the summer, so that a total 
of about four tliousand plants was used. The investigations were begun 
in June and continued through September. Plants wore grown under 
ordinary greenhouse conditions of light and humidity. 

Two nutrient triangles were used. In the first triangle, three stock 
solutions, N, S, and P were prepared. Solution N consiste<i of 0.0045 
molar KNO^, 0.0045 molar Mg(NOa)2, and 0.006 molar Ca(NOj)2. Solu- 
tion S consisted of 0.0045 molar K2SO4, 0.0045 molar MgS04, and 0.006 

1 Boniewliut similar attacks upon this problem have been made by Beckenbach, 
Wadleigh, and Shive (1), and Wadleioh (8). 
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molar Ca804, Solution P consisted of 0.006 molar Ca(H2P04)2, 0.0045 
molar KH2PO4, and 0.0045 molar Mg:(H2P04)2. The latter compound 
rather than MgHP04 was used because of its greater solubility and because 
its use allows the anions to be kept more nearly constant. The CaS04, 
instead of being added as such, was made by adding equivalent amounts of 
finely powdered CaCO^ and H2SO4. This was done because of the slowness 
with which CaS04 dissolves. By these two modifications, it is possible to 
have all components go quickly into solution and to avoid the formation of a 
fine sludge in certain of the stock solutions which often occurs if the original 
method is followed. 

By varying the amounts used of each of the solutions N, S, and P, the 
anions could be varied, while the cations remained practically constant. 

In the second triangle there were three stock solutions: M, K, and C. 
Solution M consisted of 0.0045 molar Mg(N03)2, 0.0045 molar MgS04, and 
0.0045 molar Mg(H2P04)2. Solution K consisted of 0.0045 molar KNO3, 
0.0045 molar K2SO4, and 0.0045 molar KH2PO4. Solution C consi.sted of 
0.006 molar Ca(N03)2, 0.006 molar Ca(H2P04)2, and 0.006 molar CaS04, 
the latter being added by the same method as described above for the first 
triangle. By varying the amounts of each one of the nutrient solutions 
M, K, and C the cations can be varied at will while the anions remain 
practically constant. 

In the first triangle, plants at one corner were watered only with solu- 
tion N, at a second corner with S, and at the third only with P. Similarly, 
in the second triangle, the corner plants were watered only with solution M, 
or K, or C. All intermediate points of each triangle were watered with 
solutions made by mixing together various amounts of the three stock solu- 
tions, so that each point on the triangle varied by i from every other 
point, thus making a total of 28 different nutrient solutions in each triangle 
(see figs. 1 and 2). 

In addition to the plants in the triangle, a group of 50 was set aside as a 
control and was fed with a three-salt nutrient solution composed of 0.006 
molar Ca(N03)2, 0.0045 molar KH2PO4, and 0.0045 molar MgS04. 

All plants were harvested when twenty days old. Heights of plants and 
dry weights of roots and tops are recorded in figures 1 and 2. Since the 
light was much poorer during August than during July, the plants grown 
later in the season did not synthesize as much dry matter and were some- 
what slower to respond to the various treatments than were those grown 
earlier, but the same relative results were obtained. 

Results and discussion 

Triangle I. NOs, SO4, PO4 varied ; Mg, K, Ca constant 

Initial deficiency symptoms in this triangle appeared within three or 
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four days after the first application of nutrients. In that series along the 
side of the triangle in 'which there was a complete absence of NO3, and 
varying amounts of SO* and PO*, the leaf tips began to show a slight 
yellowing, followed shortly by a progressive death of the leaf from tip 
toward base. This necrosis occurred where the SO* was decreased to | or 
less than f of its maximum value, becoming more severe as the SO* decreased 



Fig. 1. Triangle I. Each point of the triangle was watered with the fractions of 
solutions N, S and P indicated in each circle. Solution N contains various nitrates; S, 
sulphates ; and P, phosphates. T and R indicate dry weights in grams of tops and roots, 
respectively. H indicates average heights in cm. of plants in each treatment. 

Data for the controls: 


Tops r: 0.877 grams 
Boots = 0.764 grams 
Height = 18 cm. 


and the PO* increased. The plants given the solution in which the PO4 was 
increased to its maximum and the SO* omitted were almost entirely dead by 
the time of harvest. On the other hand, if the SO* was raised to f of its 
maximum and the PO* reduced to the plants were only slightly stunted 
and a little yellowed because of the lack of NOj. Whether this decrease in 
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toxicity with the iucreasinp: amount of SO4 is caused by the actual presence 
of largrer amounts of 8O4 or merely by the decreased amount of PO4 is not 
known, since as the SO4 increases the PO4 decreases according to the set-up 
of the triangle. 

In that series watered with solutions containing no SO4 but having vary- 
ing relative amounts of NOh and PO4, the same toxic symptoms appeared 
when PO4 was relatively high in amount and the NOs low, although these 
plants were markedly better than those given the 8()4-P04 complex in the 
absence of NO^. NOs was highly effective in preventing the toxic effect ot 
excessive PO4, even a small amount of N()^ preventing the toxic effect of a 
large amount of PO4. ' 

That series of plants supplied with a solution lacking PO4 and with vary- 
ing relative amounts of NO3 and SO4 were uniformly good, the plants at the 
time of harvest being still too young for the PO4 deficiency to have been 
manifested. All this points definitely to a pronounced PO4 toxicity when 
NOs i« absent, or present in only a low concentration. This has been 
previously shown by Hamner (4) in his work on bean seedlings. Moore (6) 
also found evidence of PO4 toxicity in peanut seedlings. 

The results of the treatments in the central regions of the triangle showed 
such slight variations as not to be significant, those with relatively low N 
being almost as vigorous as those with much N. 

That solution containing only NO^ and no SO4 or PO4 produced plants 
comparable to those receiving balanced solutions. This is probably because 
there were enough materials in the seeds to take care of the deficiencies in 
the solutions until the time of harvest. The solution containing only SO4 
as the cation produced plants which, although stunted and a little lighter 
green because of the lack of NO3, were nevertheless in good condition. This 
was in marked contrast to those plants receiving PO4 as the only cation. 
The latter were very poor. This again indicates the toxicity of PO4 in the 
absence of NO3. 

In this triangle the roots were but slightly affected by the different 
nutritional treatments. Their size and weights were all remarkably similar, 
except for that series given the solution entirely lacking NO3 and having 
varying amounts of SO4 and PO4. Here again, as in the case of the tops, 
there was a definite decrease in weight as the PO4 increased and the SO4 
decreased. 

Triangle II. Mg, K, Ca varied; NO3, SO4, PO4 constant 

Here the first and the most severe symptoms to appear were those of K 
deficiency. In fact, these manifestations appeared in 2 to 3 days, even 
before the PO4 toxicity or the NO* deficiency in triangle I. The first appar- 
ent reaction to K deficiency was a stunting of the plant, which was much 
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more marked than the stunting: brought about in a comparable period of 
time by lack of N. This stunting: was followed rapidly by a yellowing and 
subsequent browning of the leaf starting at the tip and progressing towards 
the base. This occurred in the entire series of plants on that side of the 
triangle lacking K and having varying amounts of Ca and Mg. Here the 
plants were all uniformly very poor, there being apparently no Ca-Mg re- 
lationship affecting this die-back. Whether high in Ca and low in Mg or 



Pig. 2. Triangle IT. Kaeli point of the triangle was watered with the fractions of 
solutions M, K, and C indicated in each circle. Solution M contains Mg salts; K, potas- 
siuin salts; C, calcium salts. T and R indicate dry weights in grams of tops and roots, 
respi'Ctively. II indicates average heights in cm. of plants in each treatment. 


vice versa, the K deficiency symptoms appeared at about the same time and 
progressed at about the same rate. The reaction was so severe that in some 
cases more than J of the plant tops w^ere dead at the time of harvest. 
Those plants given tlie solution in which Mg was the only cation, however, 
reacted somewhat differently. Instead of yellowing they became a creamy 
white, and the tips shriveled more slowly than did the others, so that the 
basal parts remained white and without withering for a long time; finally 
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only i-inch of the extreme basal parts of the leaves remained a healthy green 
color. This reaction is undoubtedly caused by the role which Mg plays in 
the formation of the chlorophyll molecule. 

In the series on the side of the triangle given the solutions containing no 
Ca and varying amounts of Mg and K, the leaves were not seriously af- 
fected as they were in the series lacking EL Here where the amount of Mg 
was high as compared with K, the growing points were killed. This oc- 
curred in all cases where the Mg was more than ^ of its possible maximum. 
Even where it was J, there were many individual cases with dead growing 
points. Where the Mg was decreased to J its maximum value, however, and 
K increased to f , thfe growing points were usually unaffected ; any further 
decrease in the Mg left the growing points healthy. Thus, in the absence 
of both Ca and Mg in the nutrient solution the growing j^oints remained 
healthy. This points definitely to a toxic effect of Mg, rather than to a Ca 
deficiency in these seedlings. Gaucii (3) in his work on bean seedlings 
points out the extreme toxicity of Mg in the absence of Ca. It is not known 
whether variations in the concentration of K may affect this Mg toxicity 
manifested in the absence of Ca, since in accordance with the setup of this 
triangle as the K concentration increases, the Mg concentration is propor- 
tionately decreased. Therefore, this decrease of injury with the increasing 
K may be caused simply by the accompanying reduction in the amount of 
Mg. 

The plants on the side of the triangle lacking Mg were fairly good. They 
were best at the end where the concentration of K was highest, and decreased 
in weight as the K decreased and the Ca increased. 

Of the three cations present in the nutrient solution, the K was the most 
important one in maintaining the plants in a vigorous state. Deficiency of 
K was the first deficiency to appear and plants suffering from it were the 
poorest of all deficient plants at the time of harvest. 

Since Ca and K, particularly the latter, are known to be associated with 
root growth, it might be expected that the roots would be markedly affected 
by the different nutritional treatments in this triangle. They were actually 
affected to such a degree that in some cases they were less than i the normal 
size and weight. The most pronounced effect was in that series lacking K. 
Although in this series the amount of Ca varied inversely with the amount 
of Mg in the nutrient solutions, the roots were in all cases rather uniformly 
stunted. The roots, although dwarfed, were apparently healthy. 

Considering all plants in both triangles, it may be said that in general 
those given the solutions in which the K. Ca, and Mg were kept constant and 
the NOs, SO4, and PO4 were varied did'better than the plants in the other 
triangle. The most vigorous plants, in either triangle, however, compared 
very favorably with those in the other. Certain combinations of nutrients 
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in the triangles produced plants that are comparable with those given the 
three-salt nutrient solution. The former are the equals of the latter in 
every way. Data for the controls are found in the legend for figure 1. 

Gregory (2) based his mathematical approach to this problem upon the 
false philosophical assumption that the effects of the ions involved are 
additive and did not allow for interaction among them. He recognized this 
fault but used the assumption for the purpose of simplification. Neverthe- 
less, several of his conclusions are in accord with experimental evidence pre- 
sented in this paper, and it is still more interesting when one considers that 
his data came from Johnston (6), who had designed his experiment for an 
entirely different purpose. The author disagrees with Gregory in one im- 
portant point. The latter finds Ca to be the most important cation and K 
the least while the present work indicates K to be more important than Ca. 

In arriving at these conclusions for the vrork reported here, it must be 
remembered that the experiments were with seedlings and these results 
might be different if the plants were grovTi to maturity. 

Summary 

1. A study was made of the effect on barley seedlings of the interrela- 
tions of the cations and the anions present in a three-salt nutrient solution. 

2. The plants of the triangle in which the anions were varied were as a 
whole better than plants of the triangle in which the cations varied. 

3. The variations in the nutrient solutions had their greatest effect upon 
the top growth of the plants. The root growth was much more uniform 
except in the absence of K which caused a marked decrease in size and weight 
of roots. 

4. In the absence of nitrates, or when a high phosphate-low nitrate 
relationship existed a marked phosphorous toxicity became apparent. 

5. Potassium deficiency symptoms appeared extremely early, before 
signs of deficiency or toxicity of any other element. A severe die back of 
the leaves of these seedlings resulted. 

6. A high (‘oncentration of Mg in conjunction with an absence of Ca in 
the nutrient solution resulted in the death of the terminal meristem, and 
caused some stunting and chlorosis. 

Purdue University 
Lafayette, Indiana 
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MOISTURE DISTRIBUTION IN SOIL IN CONTAINERS 
A. H. Hendrk’kson and F. J. Veiumeyee 
(with three FIGtTRES) 

In many problems dealin^^ with the mse of water by plants, containers 
of various sizes are adopted, in which the system is sealed agraiiist loss of 
moisture by evaporation from the surface, and ajijainst loss by draina^?e. 
These containers arc usually weiprhed at intervals, and water added in mea- 
sured quantities to brinj? about the moisture conditions desired by the in- 
vestijyator. Oenerally, these experiments contain several series of containers 
that are supposed to be moistened uniformly, and kept at moisture contents 
less than that of the field capacity of the soil used. A report was made on 
the distribution of moisture in soil following an irrigation in various field 
experiments (1, 3, 5, 6), in which it was shown that water moves but slowly 
from soil at field (lapacity to adjoining dry soil, and that, in the absence of 
roots, the Jine of demarcation between the wet and the dry soil does not 
<*hange during relatively long periods of time. In another paper (2) evi- 
dence was presented which showed that the movement of moisture from a 
wet to a dry soil in containers, takes place in the same way that it does under 
field (‘onditions. The lack of uniform distribution of moisture by auto- 
irrigators was shown by the accumulation of roots immediately around and 
below the porous cones. A device for automatically bringing the moisture 
in a soil in a container up to the field capacity is described by Johnston 
and Atkins ( 4 ). 

The following results show some of the soil -moisture conditions obtained 
in experiments with sunflower plants in containers, when the soil was wetted 
to the field capacity, and when attempts were made to moisten soil at the 
permanent wilting percentage, to a moisture content less than that of the 
field capacity. Three soils, a sand, a loam, and a clay adobe, were used. 
The containers were all brought to a uniform weight for convenience in 
handling, and a known weight (about 600 grams) of oven dry soil was placed 
in each. The soil was moistened to its field capacity and dwarf sunflowers 
planted. When the sunflower plants had reached a height of about 12 cm. 
and each had 3 pairs of full sized leaves, they were allowed to wilt. The 
wilting percentages obtained agreed with those obtained in previous trials 
with these soils. After wilting, various amounts of water were adde<l to the 
surface of the soil. The plants were then cut off and the container sealed 
until the following day when the cans were cut longitudinally with a hack 
saw, and photographed. Soil samples of the top and bottom portions were 
taken for the determination of the moisture content. The moisture equiva- 
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lents, which agreed closely with the field capacities of these soils, were 
obtained from the stock supply by centrifuging in the usual way. 

The penetration of water was not uniform, and there was a tendency 
for the water to move down along the sides of the can. This tendency was 
more pronounced with the loam and clay adobe soils than with the sand. 
In addition to the cracks around the sides of the container, the loam and 
clay adobe soils had other cracks on the surface that permitted deeper pene- 
tration of water in some places than in others. Difficulty was experienced 
in taking the samples to make sure that some dry soil was not included in 
the moist sample, particularly when the samples were being taken near the 
margin of penetration. The samples from the bottom of the cans frequently 
showed evidence of moisture that had moved down through the cracks. 

The results obtained are given in table I. 

TABLE I 

Moisture distribution in soils in containers in which the soils were first kcdi ced 

TO THE PERMANENT WILTING PERCENTAGE AND THEN WERE WATERED 


Num 

Kind 

OP 

SOIL 

Moisture 

EQUIVA ' 

LENT 

Perm\nent 

WILTING 

CWA'i lated 

MOISTURE 
CONTENT BY 

ACTT^AL MOISTI RE 
CONTENT 

BEK 

percent 

AGE 

WEIGHT 

\FTER 

W \TERING 

Wetted 

portion 

Dry 

PORTION 

1 

Fresno 

% 

9.3 

% 1 
2.2 1 

% 

3.8 

% 1 
8.3 

% 

3.0 

2 

sandy 

loam 

< i 

9.3 

i 

2.2 

1 4.4 

8.1 

2.6 

3 


9,3 

2.2 

5.4 

10.4 

3.1 

4 

Dublin 

26.0 

13.6 

22.9 

24.6 

16.3 

5 

adobe 

i i 

26.0 

13.6 

! 22.9 

28.3 

16.5 

6 

i t 

28.1 

14.6 

1 20.8 

22.3 i 

16.9 

7 

i i 

28.1 

14.6 

18.1 

19.4 

' 17.6 

8 1 

( ( 

28.1 

14.6 

i 19.6 

24.1 

15.1 

9 

i t 

27.0 

14.7 

17.3 

22.4 1 

14.9 

10 

t < 

27.0 

14.7 

1 17.8 

23.3 

14.3 

11 

( < 

22.6 

12.1 

22.7 

25.7 

20.4 

12 

Yolo 

23.5 

11.9 

1 18.0 

20.6 

11.9 

13 ' 

loam 

{ i 

24.0 

11.9 

15.0 

19.4 

11.3 

14 1 

a 1 

24.0 

11.9 

16.1 

25.5 

12.2 

15 

1 1 

24.0 

11.9 

23.5 

22.3 

20^9 

16 

< < 

24.0 

11.9 

24.2 

22.3 

21.2 

17 


23.5 

11.8 ' 


12.1 

12.1 

18 

“ 1 

23.5 

11.8 

1 

11.8 

11.4 


In the column headed ‘‘Calculate^ moisture content by weight after 
watering,'^ are given the percentages of 'moisture in the soil, if the amounts 
of water had been uniformly distributed. Some of these would approxi- 
mately correspond to the terms “high,’’ “medium,” and “low” moisture 
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contents frequently found in the literature on this subject. The true mois- 
ture contents found are given in the last two columns. The soil-moisture 
percentages in the table are on an oven-dry weight basis. 

In the case of the three samples of Fresno sandy loam, water was added 
to the surface, to give, if the water had been uniformly distributed, moisture 
contents between the moisture equivalent and permanent wilting percentage. 
The results show, however, that the moisture contents of the upper portion 
of the soil were near the moisture equivalent, and those of the lower portion 
were near the permanent wilting percentage. Figure 1 shows the result of 



Fig. 3 . Depth of penetration in a Fresno sandy loam soil when moisture was added 
to bring the average soil-moisture content by weight from the permanent wilting percent- 
age (2.2 per cent.) up to 5.4 per cent. 

attempting to bring sample 3 to a medium moisture content. 

Similar results were secured with the Dublin clay adobe. Because of 
the large cracks, it was difficult to secure samples near the bottoms of the 
containers that did not show evidence of having been moistened. Samples 
4, 5, and 6 showed that some water had penetrated through cracks to the 
bottoms of the cans. In some cases the movement of water down through 
the cracks was so rapid that portions of the soil in the upper portion of the 
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container remained dry. The unavoidable inclusions of this dry soil in the 
samples gave average moisture contents below that of the moisture equiva- 
lent because of the mixture of wet and dry portions of the soil. Sample 7 
was severely cracked and the average moisture contents agreed fairly well 
with the calculated content, although wet and dry areas could readily be 
distinguished on the surface of the soil when the can was cut. Samples 8, 
9, and 10 show fairly close agreement between the permanent wilting per- 
centage and the moisture content of the soil in the bottom portion of the can 



JTig. 2. Typical example of distribution of moisture in Dublin clay adobe soil, when 
water was added to bring the average soil-moisture content by weight fiom the permanent 
wilting percentage (14.6 per cent.) up to 19.6 per cent. 

indicating that no moisture had penetrated to the bottom. Sample 11 was 
brought up to the moisture equivalent, but it is possible that the soil samples 
were taken before the moisture in excess of the moisture equivalent in the 
top portion had time to drain out, beqause the top layer was slightly above 
the moisture equivalent, while the bottom layer was slightly below. The 
uneven distribution of moisture that frequently occurs with this type of soil, 
unless enough water is added to bring the whole soil mass to the moisture 
equivalent is shown in figure 2. 
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Trials with the Yolo soil yielded results that were similar to those ob- 
tained with the other two. Samples 12, 13, and 14 showed moisture contents 
in the upper portion in excess of the desired average, while the bottom layer 
remained at the permanent wilting percentage. The penetration of mois- 
ture in sample 12 is shown in figure 3. In sample 12 approximately half 



Fig. 3. Typical example of distribution in a Yolo loam soil when water was added 
to bring the average soil moisture content by 'weight from the permanent wilting percent- 
age (11.9 per cent.) up to 18.0 per cent. 

of the water required to bring the moisture conteut of the entire soil mass 
up to the moisture equivalent was added. The result was that only about 
half of the soil was wetted. Water penetration into the soil was greater 
along the sides of the can than it was directly under the plant. Samples 
15 and 16 were brought up to the moisture equivalent and the actual mois- 
ture contents of top and bottom portions show fair agreement with this 
value. The agreement between the permanent wilting percentages and the 
soil-moisture contents of the top and bottom portions of two cans in which 
the plants were simply allowed to wilt is shown in samples 17 and 18. 

The actual moisture contents of the soil in the top portions of the cans 
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were lower than the moisture equivalent in a number of instances. These 
differences may be accounted for, in part, at least, by the fact that cutting 
the cans was a slow process and it is probable that some moisture was lost 
from the exposed surfaces of the soil. Furthermore, it is probable that 
because of the uneven penetration of water, some dry soil was inadvertently 
included in the dry samples, particularly when the samples were taken close 
to the demarcation zone between the wetter and drier portions. 

The results presented show that, when a uniform distribution of moisture 
is desired for plants growing in a container it is necessary to add sufficient 
water to wet the entire soil mass to the moisture equivalent. Otherwise, 
when less than this amount is added, only the top layer is moistened to the 
moisture equivalent while the soil at the bottom remains dry, if no cracks 
are present. Plants growing in soil held under “medium’^ soil moisture 
conditions are not under uniform conditions but simply function with part 
of their roots in the moist top layer, and part in the dry layer beneath. 
Movement by capillarity is so slow that the plant exhausts the available 
moisture in the top layer before any appreciable movement can take place. 

The Univeksity of CALiroRNiA 
Davis, California 
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EFFECTS OF INJURIES CAUSED BY THE CICADA, MAOICICADA 
8EPTENDECIM, ON THE LATER GROWTH OF TREES 


Greoort Thoeunes 
(with one figure) 

It is a well-known fact that branches attacked by cicadas often die be- 
yond the point of injury. The effects of injuries too slight to cause the 
death of the branch, however, have been rarely investigated. WpLiSON (2) 
reported damage to asparagus. Wymore (3) also reported that prune and 
apricot trees were affected, and that the insect was apparently a carrier of 
disease to asparagus. The damage in these cases, however, was mainly the 
result of the feeding of the nymphs on the foliage or roots. The damage 
resulting to the trees in consequence of the egg-laying activities of the 
adults seemingly has been overlooked. Andrews (1), while pointing out 
that these injuries may hamper the trees more than seems to be the case at 
first sight, seems to think, however, that the biological curiosity aroused by 
the cicada more than compensates for the harm done. 

Procedure 

In 1934 the emergence of a swarm of cicadas in eastern Missouri pro- 
vided the opportunity to study the effects of such injuries over a long period 
of time. During the six year period, 1934 to 1940, measurements of the 
yearly increase in growth of normal and damaged branches were taken. 
Both orchard and non-orchard varieties were included in the study. The 
orchard varieties studied were the apple and peach. The non-orchard types 
included the white oak, buckeye, and hard maple. In all cases the normal 
and injured branches measured were taken from the same tree and, as 
nearly as possible, in the same relative position on the tree. Branches 
showing injuries attributable to any other causes were carefully excluded. 
Thus, variations in growth owing to such conditions as sunlight, moisture, 
etc., could be eliminated. Measurements vrere taken of as many branches 
as possible from at least twenty trees of each type, and the data here pre- 
sented (table I) represents, in every case, the aA erage of these figures. The 
yearly percentage of growth was calculated on the basis of the total growth 
of the normal branches. 

Results 

Of the orchard varieties, the apple trees seem to have suffered the most 
harm. The cicadas attacked them in gi’eat numbers, and it is difiScult to 
find a tree, standing at that time, whose branches do not bear scars marking 
the egg-laying activities of these insects. Although the wounds have healed 
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COMPABISON OP OEOWTH OP TRPES INJCRID BY CICADAB TO THE NORMAL GROWTH 
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over, sections of branches in these areas reveal that approximately one- 
third of the xylem has broken down. Before 1934 the growth rates of the 
normal and damaged branches were practically identical. After the injury, 
however, the growth rate of the affected branches decreased progressively 
each year, until, at the end of the six-year period, their total growth was 
only about 71 per cent, of that of the normal branches (fig. 1). 



• PEACH TREES 

A apple trees 

— NORMAL TREES 
— INJURED TREES 

Fig. 1. Pereuntagc of growth in various trees following cicada injurr, 1931-1940. 

Over the same period, the peach trees showed a decrease in total growth 
of about 20 per cent. (fig. 1). The decrease in growth rate was most 
marked in the three years immediately following the injury. After this 
time the growth of the damaged branches paralleled that of the normal 
branches. Sections through the injured areas revealed a breakdown of 
about 10 per cent, of the xylem in these areas. 

The non-orchard varieties showed a variation of between 10 and 20 per 
cent, in the growth of the normal and injured branches (table I). 

Discussion 

There seems to be no doubt that the injuries inflicted upon the trees by 
the adult cicadas, in the course of their egg-laying activities, do affect the 
future growth of the branches. The decrease in the growth rate seems to be 
directly proportional to the breakdown of the water-vascular system. 
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In the case of the peach trees, the return to a normal growth rate seems 
to be attributable to several factors: 1) the extent of the injury; 2) the 
vitality of the trees; and 3) the care given the trees. As has been pointed 
out only about 10 per cent, of the xylem in these trees was affected. The 
trees, being quite young, were growing very rapidly at the time of injury, 
and the damage was quickly repaired. Consequently, the amount of con- 
ducting tissue, while insufficient for two or three years, was rapidly in- 
creased, so that at the end of this time it was sufficient to take care of the 
needs of the branches, and growth proceeded at a normal rate. 

Then, as these trees were younger and less severely injured, greater 
efforts were made to save them. They were cultivated and pruned oftener 
than the apple trees, and this undoubtedly facilitated the absorption of a 
greater amount of moisture. 

In the case of non-orchard varieties, the decrease in growth seems to be 
directly proportional to the extent of injury. 

It may then be concluded that injuries to trees, caused by such insects as 
cicadas, while often too slight to result in the death of the affected branches, 
may influence their later growth. The extent to which the growth rate is 
modified is proportional to the degree of injury, as reflected in the amount 
of conducting tissue destroyed. The age and vitality of the tree at the time 
of injury, and the care given the tree after injury, are factors which tend 
to influence the later growth of the damaged tree. 

Summary 

1. The egg-laying activities of the cicada, Magicicada scptendecim, cause 
injuries to trees that affect their later growth. 

2. The extent to which the growth rate is affected is proportional to the 
degree of injury. 

3. The effect is apparently the result of the destruction or modification 
of water-conducting tissue (xylem). 

4. The age and vitality of the tree at tlie time of injury, and the care 
given the tree after injury, are factors w'hich tend to modify the harm done 
to the tree. 

St. Maey^s College 
Winona, Minnesota 
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A SIEVE TUBE TRANSLOCATION MODEL 

Raymond E. Girton 
(with one figure) 

The mechanism of solute transport in the phloem suggested by De Vries 
(2) and favored by Curtis (1) stresses protoplasmic streaming as the agent 
responsible for rapid translocation. The effectiveness of much a system can 
be shown to students of plant physiology by means of the simple demonstra- 
tion model herein described. 

A piece of glass tubing, (b, in fig. 1) 2 x 45 cm., constitutes the enlarged 
‘^sieve tube.’’ This tube is divided into two cells by means of a porous 
‘‘sieve plate” (e, and e^), which is constructed of a disk of wire gauze. The 
disk is held in position by means of two thin sections of rubber tubing. This 
tubing should be large enough to fit the inside of the glass tube snugly and 
thus prevent the disk from sliding out of position. A solid rubber stopper 
(a 2 ) is inserted into the lower end of the tube and a one-hole stopper (ai) 
inserted into the upper end. 

Prior to the actual operation, the upper stopper is removed temporarily, 
the tube is filled with water and clamped into a vertical position on a ring 
stand. Two 25-watt electric light bulbs (di and d 2 ) are also clamped into 
position as shown in the diagram. The light bulbs are placed very close to 
the side of the tube and near the lower ends of the cells. When the lights 
are turned on, uneven heating of the water within the two cells results and 
convection currents (c) are set up. These currents constitute the “pro- 
toplasmic streaming” and continue indefinitely owing to the maintenance 
of temperature differences on the two sides of the glass tube. 

The nature and rate of the “streaming movement” can be observed by 
adding very small particles of sawdust to the surface of the water in the 
upper cell. These particles should be fine enough to pass through the per- 
forated disk with ease. A porous Gooch crucible has been found to serve 
as a satisfactory- sieve for obtaining sawdust particles of the proper size. 
The smaller particles, particularly, remain in suspension for some time and 
trace the course of the streaming “protoplasm” up the illuminated side and 
down the far side of the cells. 

In order to demonstrate the rapid longitudinal transport of solutes, an 
aqueous dye solution may be added to the upper cell and its progress fol- 
lowed as it is first moved about the upper cell and then across the “sieve 
plate” and into the lower cell. Solute movement in the reverse direction 
can be demonstrated by injecting dye into the bottom of the lower cell and 
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Fio. 1. Sieve tube model with details e' and a'. See text for explanation of symbols. 

watching its upward movement from cell to cell. Finally, the simultaneous 
movement of solutes in opposite directions can be demonstrated in the same 
sieve tube ^‘element’' by adding a few drops of a dye solution of one color 
such as methylene blue to the upper cell and, at the same time, injecting a 
second dye solution of a different color, safranin, into the lower cell. 

In figure 1 the inset labelled a' shows a device which can be used for 
injecting dye solutions into the lower ^cell. The injector consists of a one- 
hole stopper (as), a short section of glass tubing (f), a piece of rubber tub- 
&3id a glass plug (h). The device is charged with dye as follows: 
a clamp is applied near the upper end of the rubber tubing, the injector 
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inverted, and the rubber tubing filled with dye solution after momentarily 
removing the plug. The injector is now placed in an upright position and 
the section of glass tubing filled with water. In actual use, the device is 
inserted in the place of the solid stopper (a 2 ) in the lower cell. Injection 
of dye into this cell is effected by first releasing the clamp on the rubber 
tubing, and then applying other clamps to the tubing in such a way as to 
force the dye solution out of the injector and into the lower cell. 

If it is desired to increase the complexity of the model, an additional cell, 
or cells, may be added. This necessitates the use of a longer tube and more 
sieve plates.” Each cell of such a model should be provided with its own 
light bulb in order to insure the necessary streaming” activity. 

Purdue University 

Lafayette, Indiana 
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USE OF NITBIC ACID IN CONTROL OF pH AND NITRATE LEVELS 
IN NUTRIENT SOLUTION 

Fbakk M. Eatok 

Trelease and Treeease (2) have called attention to the advantages, from 
the standpoint of pH control, of using mixtures of ammonium and nitrate 
salts in making up nutrient solutions. Sulphuric acid is customarily em- 
ployed as a means of adjusting the pH of solutions during an experiment. 
The purpose of this paper is to call attention to the advantages of using 
nitric acid as a means of maintaining at one and the same time both H-ion 
concentrations and nitrate levels. The writer has used nitric acid for this 
purpose over a number of years with considerable success. 

TABLE I 

Vaeiations in pH with the addition op niteic acid 


Date 

pH* 

Acid 

ADDED* 

Transpi- 

ration 

Light intensity t 

Rvapo- 

RATIONt 



ml. 

liters 

gm. cal./sq. cm./ day 

ml. 

Sept. 14 


400 

82 

528 

798 

15 



109 

499 

960 

16 

6.0 


121 

525 

1090 

17 

6.3 

50 

133 

503 

908 

18 

6.2 

50 

89 

399 

832 

19’ 

6.1 


70 

307 

765 

20 

6.2 

50 

82 

280 

3090 

21 

6.1 

50 

105 

397 

1108 

22 

5.9 


93 

364 

973 

23 

6.1 

50 

67 

269 

984 

24 

5.9 


rain 

257 


25 

5.5 



72 

430 

26 

5.7 


33 

304 

334 

27 

6.1 

50 

43 

441 

472 

28 

5.9 


43 

435 

453 

29 

5.9 


45 

456 

502 

30 

6.1 

60 

47 

415 

506 

Oct. 1 

6.1 


43 

364 

437 

2 

5.9 

i 

54 

426 

504 

3 

5.9 


60 ! 

413 

476 

4 

6.1 

50 

64 

466 

568 

5 

5.7 


52 

450 

563 

6 

6.9 


30 

257 

221 


* pH readinge and acid additions were made at 8: 00 a.m. and 9: 00 a.m. respectively, 
t Eppley pyrheliometer, UniTersity of CaUfomia, Citrus Experiment Station. 
t Circular shallow pan eraporimeter, 0.1 sq. meter. 

( 

The extent to which nitrate levels can be maintained by periodically ad- 
justing the pH to some selected level with nitric acid is contingent upon the 
kind of plant, its stage and condition of growth, and climatic factors (par- 
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ticularly light intensities) and the selected pH. The writer’s work has been 
entirely in the Southwest where bright days and upward trends in pH are 
the rule. All of the cultures have been carried at a pH of about 6.0. 

For the purpose of illustration, an example is taken from 1939 experi- 
ments wherein plants were grown in large out-of-doors sand cultures (1, fig. 
4) in salt toxicity studies. These sand beds were supporting 30-inch rows 
each of milo, cotton, squash (harvested September 18), alfalfa, sugar beets, 
cowpeas, and tomatoes planted in mid July. The volume of the solution 
reservoirs was 2400 liters with an additional 300 liters retained in the sand, 
thus permitting the addition of readily measurable amounts of copcentrated 
nitric acid. In this system, 50 ml. of nitric acid (sp. gr. 1.42) introduces 
0.27 m.e. of NO3 ion per liter. Using tap water to replace transpiration 
losses, new solutions starting with 7.5 to 8.0 m.e. per liter of NO3 ion at pH 6 
typically contain from 7 to 9 m.e. at the time the solutions are discarded. 
Similar effects have been observed in the parallel experiments conducted 
under cool coastal conditions near San Diego, under the desert conditions of 

TABLE II 

Analyses of new and old solutions and of tap -w ater added to replace 

TRANSPIRATION AND EVAPORATION LOSSES 


Rolvtions 

AN\LYZED 


PFJaiOD September 15 to October 7 (see table I) 


MiLLIBQUIVALENrS PER LITER 



! Ca 

Mg 

Na 

K 

IICO3 

8O4 

Cl 

NO 3 

Now solution 

1 4.90 

3.80 

1.96 

1.66 

0.38 

4.28 

1.72 

7.42 

Old solution 

0.81 

3.60 

2.69 

0.50 

0.35 

4.71 

1.60 

7.44 

Tap water 

1 1.84 

0.56 j 

1.60 


2.90 1 

1 0.61 

0.60 

0.05 


the Coachella Valley, and under the intermediate climatic conditions repre- 
sented at Kiverside. The period represented in table I was taken from the 
Riverside data because it illustrates the increased H-ion concentrations of 
the solution during a period of low light intensity during which absorption 
of cations exceeded that of anions. Additions of phosphate and potassium 
are necessary during any extended use of a solution. Table 2 reports analy- 
ses of the new and used solution and of the tap water used in making up and 
replenishing solutions. Five m.e. of nitrate were added as calcium and 
potassium salts in making up this solution and then sufficient HNO3 was 
added to bring the pH down to 6.0. Results comparable with the fore- 
going have been obtained in the beds receiving toxic concentrations of 
chloride and sulphate salts and also in small greenhouse sand cultures sup- 
porting single species of plants. 

Bureau of Plant Industry 
Biverside, California 
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NOTES 


Eighteenth Annual Meeting. — The eighteenth annual meeting of the 
American Society of Plant Physiologists will be held at Dallas, Texas, on 
December 29-31, 1941. The headquarters of the Society will be the Baker 
Hotel. Plans for the meeting are well advanced, and it is hoped that the at- 
tendance will be large. The annual dinner for all plant physiologists has 
been arranged for the evening of December 29, probably at the Baker Hotel, 
and members should obtain tickets as soon as possible after arrival. The 
Stephen Hales address is usually a feature of this gathering, 'and the 
announcement of the Charles Reid Barnes life membership award has 
been an annual occurrence at the dinner for 15 years. No one should miss 
these good-fellowship occasions. Two symposia are planned, one on cellular 
electro-dynamics, and the other, a joint meeting, on the application of sta- 
tistical methods to physiological research. These are pleasing changes in 
subject matter, and the symposia will be extremely valuable to all who can 
attend them. Dallas has many attractions to offer the visitor, and meetings 
seldom go into this region. This is an opportunity to learn something about 
the great Texas empire, and to enjoy rare scientific fellowship. 

Summer Meeting. — The New^ England Section of the American Society 
of Plant Physiologists w^as host to the Society at Durham, New Hampshire, 
on June 25 and 26, 1941. Usually the Section meets in May, but this year 
joined with the Society in })articipation in the 75th anniversary celebration 
of the founding of the University of New Hampshire. The A.A.A.S. held 
its annual summer meeting at Durham, and our meeting was a part of this 
general program. The oflBcers of the New England Section did everything 
that could be done to make the meeting pleasant and profitable. Dr. T. G. 
Phillips, chairman of the section and chairman of the local committee, and 
Dr. Linus H. Jones, secretary of the section, deserve the thanks of everyone 
who attended for their skillful handling of the meeting. 

‘‘Auxins and their relation to growth in plants’^ w^as the subject of the 
round table discussion on the afternoon of June 25. Dr. Polke Skoog 
opened with a discussion of the relation between extractable auxin and 
growth ; Dr. Sander covered the field of dwarfing as related to auxin ; and 
Dr. Tiiimann reviewed the mechanism of auxin action. Dr. G. S. Avery, 
Dr. R. H. Goodwin, and Dr. B. Commoner contributed informal comments, 
a))d there was much general discussion of the many difficult angles. The 
presentations were excellent, but left one unsatisfied, possibly because of the 
more or less chaotic condition of the field. If the editor may be permitted 
an observation as an interested listener, it would be that it seems yet too 
early for an integration of the w’ork that has been done. It will possibly 
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take some years of more careful research before we can judge the value of 
the innumerable contributions of recent years, many of which came out 
prematurely. 

Thursday, June 26, was devoted to short papers during the morning ses- 
sion, and to a joint session with the American Society for Horticultural 
Science at the afternoon session. Many interesting papers were submitted 
for discussion. 

The New England Section business meeting was held at 9 : 00 a.m. on 
June 26, and it was a pleasure to note the fine spirit and the apparent vital- 
ity of the organization. The officers selected for 1941-1942 are as follows : 
Chairman, Dr. Dorothy Day, Smith College ; vice chairman, Dr. Kenneth 
V. Thimann, Harvard University ; secretary-treasurer, Dr. Linus H. Jones, 
Massachusetts State College. In 1942 the annual meeting will be held in 
May, as usual. 

Western Section. — The Pasadena meetings of the Western Section, held 
from June 17th to 21st, were very well attended (attendance ranging from 
60 to 200). Three symposia were held jointly with the Botanical Society of 
America, the American Phytopathological Society, the Western Society of 
Soil Science and the American Society for Horticultural Science. D. R. 
Hoagland presided at the symposium on micronutrient deficiency diseases 
of crops. The characteristics of zinc deficiency were discussed by W. H. 
Chandler, who stressed the point that zinc deficiency causes more trouble 
in good soils than in poor soils and that woody plants are more susceptible 
than herbaceous plants. E, A. Overholser reviewed boron deficiency which 
occurs in the Northwest. Boron added to soils is not very effective because 
it is adsorbed in the upper layers. Deficiency diseases of vegetables in the 
east were reviewed by J. E. Knott, who showed that many organic soils im- 
prove greatly when copper, manganese, and iron are added. J. P. Bennett 
stressed the importance of the availability of iron. Inorganic iron is avail- 
able only in acid media ; organic iron is rapidly destroyed by micro-organ- 
isms. Colloidal iron (humate) is available to the plant over a pH range 
from 3 to 9, probably due to contact absorption. Finally, W. T. McGeorge 
discussed some aspects of the chemistry of soil, stressing especially ‘‘acidu- 
lated fertilizers.^^ 

A symposium on plant hormones under chairmanship of F. W. Went 
was given. The chairman discussed the chemical specificity of the auxins 
pointing out the minimum structural requirements for a chemical to cause 
cell elongation. J. P. Bennett showed evidence of the presence of a sub- 
stance in the buds and bark of trees and other plant material which breaks 
dormancy of apple and peach trees. James Bonner pointed out that the 
popular notion that vitamin Bi wiU promote the growth of horticultural 
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plants is no longer tenable. J. van Overbeek discussed dwarfism in corn, 
which is due to excessive auxin destruction. He furthermore showed that, 
by injecting naphthaleneacetic acid into ovaries of Datura, a fruit develops 
with well developed ‘‘seeds’’ which contain an as yet non-viable pseudo- 
embryo. 

A symposium on protoplasm was given, headed by 0. L. Sponsleb who 
discussed the relative size of the various constituents of protoplasm. A. R. 
Moore discussed such aspects as the emulsion theory of structure and sur- 
face tension, and minimized its importance. A. L. Cohen, however, attached 
greater importance to surface tension as a cause of movement and also as a 
responsible agent in its determination. A very instructive motion picture 
showing division of chromosomes, nuclei, and of cells growing in vitro con- 
cluded the symposium. 

Twenty-eight miscellaneous submitted papers were presented. The 
functioning of completely air-conditioned greenhouses at the California 
Institute of Technology was discussed by P. W. Went, who also presented 
another paper showing how a constant temperature of 26.5° C. gives good 
vegetative development but prevents fruit setting in tomatoes; for the latter, 
cooler nights are essential. P. T. Addicott showed that reduced meriste- 
matic activity is the main characteristic of isolated tomato roots growing in 
media lacking vitamin Be. H. E. Hayward discussed the occurrence of a 
liiglily suberized layer in the root cap of orange seedlings going into dor- 
mancy due to high chloride concentrations. M. A. Joslyn discussed tlie 
formation of succdnic acid bv yeast cells. P. W. Rohrbauqh measured bio- 
logically the amount of ethylene in motor exhaust gases. 6 . H. Harris 
stressed the importance of sulphur for the growth of raspberries. A highly 
instructive demonstration was given by W. Z. Hassid, who showed that glu- 
cose phosphate (Cori ester) is immediately converted into synthetic starch 
when phosphorylase prepared from potato juice was added. A. Goetz dis- 
cussed the extreme susceptibility of yeast cells to silver ions. D. R. Hoag- 
LAND and T. C. Broyer discussed experiments showing the importance of 
respiration for accumulation and permeability of roots. Permeability to 
bromine was decreased if nitrogen instead of air was bubbled through the 
solution around the roots. Cyanide prevents ac(*umulation. Quttation 
liquid of barley plants is about half as concentrated as xylem exudate of 
decapitated plants. Plants having their roots in distilled water do not 
guttate. J. VAN Overbeek showed evidence of water uptake by forces other 
than osmosis by comparing tlie osmotic pressure of the exudate with the 
osmotic pressure of mannitol solutions which just prevented bleeding. R. 
Emerson showed that the phycocyanin pigment of blue-green algae is effec- 
tive in photosynthesis. It may, however, only absorb energy and then trans- 
fer it to chlorophyll a, P. J. Allen demonstrated a 700 per cent, increase 
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in respiration of wheat leaves as a result of infection with powdery mildew. 
D* M. Bonner discussed 4 groups of chemicals (amino acids, purines, or- 
ganic acids, and inorganic salts), which promote growth of isolated sections 
of leaf tissue. Adenine is effective in the lowest concentration and may be 
regarded as a leaf growth hormone. James Bonner showed that vitamin 
Bi is translocated in the phloem in a similar manner to other plastic mate- 
rials. It accumulates above a girdle, in contrast to vitamin Ba which ap- 
parently did not show this effect. D. I. Arnon showed that plants at pH 3 
do not grow because they are unable to absorb nutrients. At pH 9 all ele- 
ments are taken up although at a reduced rate, with the exception of phos- 
phorus, thus explaining why plants grown at high pH show symptoms of 
phosphorus deficiency. The pH of expressed sap remained constant through- 
out the pH range. G. F. Leibio showed that the presence of small amounts 
of aluminum increases the tolerance for copper. W. W. Aldrich reported a 
starch content of 55 per cent, in trunks of date trees ])rior to fruiting which 
rapidly decreases when the fruit ripens. The impossibility of maintaining 
soil moistures below field capacity was stressed by A. 11. Hendrickson. S. 
H. Cameron showed that heavily pruned trees regenerated less top growth 
and have a smaller yield than lightly pruned trees. The yield of lightly 
pruned trees was below that of check trees. Two papers on carotenes were 
presented ; one by 0. F. Curtis, who showed that the carotene content de- 
creases in mineral deficient plants with the exception of plants low in phos- 
phorus. A. L. LeRosen showed that in tomato fruits the development of 
red and yellow carotenoid pigments depends on the presence of a gene R. 
The skin contains less of these pigments than the flesh. A. S. Crafts dis- 
cussed a paper by R. N. Raynor on selective toxicity of certain phenol com- 
pounds on different plants. The effect depends on the relative permeability 
of the cuticle to fat and water soluble substances. W. 0. Williams demon- 
strated improvement in the colorimetric determinations of potassium with 
dipicrylamine. 

Excursions were held to the laboratories at Riverside and to the Santa 
Ana Botanic Gardens. Officers elected for the coming year: Chairman, J. 
van Overbeek ; vice chairman, E. J. Bartholomew; secretary, D. 1. Arnon. 

Barnes Committee. — President Edwin C. Miller of the American Soci- 
ety of Plant Physiologists has named the following committee to (*hoose the 
recipient of the eighteenth Charles Reid Barnes life membership award : 

Dr. Paul Weatherwax, Indiana University ; 

Dr. Edith Roberts, Vassar College; 

Dr. W. M. Atwood, Oregon State College ; 

Dr. Paul R. Burkholder, Yale University; 

Dr. W. E. Loomis, Iowa State College, chairman. 
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This award, established in 1925, has been made annually since 1926. The 
committee has an unusual opportunity and privilej^e in making the selec- 
tion. There are 14 living members at the present time who have been 
honored in this manner. 

Changes in Constitution. — ^All of the changes in the Constitution of 
A.S.P.P. voted upon in the last election were adopted. The new version of 
this instrument was published in Bulletin no. 13, and is in the hands of all 
members. On rereading and mature deliberation, the editor believes that 
one of these changes represents a serious backward step. He will be glad to 
explain the serious difficulty which may arise if article VIII, section 2 is 
permitted to remain in its present form. The American Society of Plant 
Physiologists has rightly prided itself on its rather rigidly democratic nomi- 
nations and elections, which could not be manipulated by small groui>s act- 
ing in concert. The present version has lessened the rigorous restraints, and 
we have had a clear demonstration already of the great value of one feature 
of the original provisions, under which the elections of 1941 were held. We 
trust that many members will interest themselves in this matter, and that 
section 2 of article Vlll may again receive keen attention from the member- 
shij) in general. No society is any better than its nomination and election 
machinery, and we cannot afford anything but the best. 

Dedication. — It is a pleasure to carry out the expressed wishes of the 
American Society of Plant Physiologists to dedicate this number of Plant 
Physiology to Dr. Alexander Pierce Anderson, and to present the fine 
portrait of him as the frontispiece of the October number. Dr. Anderson 
will be seventy-nine years old on November 22, and on behalf of all members 
of the Society, we extend to him and his family, sincere congratulations on 
that liappy occasion, and our good wishes for the coming years. 

Conservation of Space. — In view of the uncertain conditions abroad, and 
the already heavy inroads that war has made on our foreign memberships 
and subscriptions, it is necessary to exercise the utmost caution in use of the 
Society's funds. Every time the number of offices increases, every time ^ye 
undertake any new projects, heavier expenses are entailed before any pub- 
lishing can be done. We urge all writers to condense their papers, to use cuts 
sparsely, and as few tables as possible. Papers should be short, clear, and 
deal mainly vdth new information. Long introductions, literature reviews, 
and elaborate details of methods already described in other papers should 
be sheared as much as possible. Please conserve space and expense in prep- 
aration of papers intended for Plant Physiology. The cooperation of all 
authors is solicited. 
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Errata. — A& in previous volumes, an errata list follows the table of con- 
tents of volume 16. Thanks are extended to the authors who have aided in 
making these corrections. Some of them could be avoided if authors would 
use more care in proofreading their galleys, especially the tables, where 
errors are hard to detect in editorial proofreading. Enter the corrections 
in your copies ; it is a good habit. 

Necrology. — ^Death has recently removed from among us two well known 
members of the American Society of Plant Physiologists. In accordance 
with our usual custCm, brief notices are presented. 

William Francis Ganong 

Dr. William Francis Ganong died at St. John, New Brunswick on Sep- 
tember 7, 1941, after a long illness. He is survived by his widow, and two 
children. A very brief account of his life appeared in the January, 1941 
issue of Plant Physiology, in connection with the award to him of the 
Charles Reid Barnes life membership at the Philadelphia meeting. A 
more complete biography has just appeared in Science for October 3, 1941, 
prepared by his associates, Dr. Frances Grace Smith, and Dr. Helen A. 
Choate, of Smith College. Dr. Ganong^s influence will live long in the 
annals of plant physiology, to which he had devoted a lifetime of interest. 
Everyone who knew him and his work will learn of his death with profound 
regret. 

Walter Joseph Himmel 

In the death of Walter Joseph Himmel, of the University of Nebraska, 
the Society has lost one of its early members, as his membership dated from 
the establishment of an oflScial journal. At that time he 'was associate pro- 
fessor of biology at Macalester College, St. Paul, Minnesota. Since 1927 he 
has been with the Department of Botany at Nebraska, and several of his 
papers have been published in Plant Physiology. His scientific interests 
were broad and varied, and he held memberships in societies devoted to 
ecology, genetics, general botany, and ornithology. One of his hobbies was 
music, and he was an accomplished director, and player of the trumpet. 
His higher degrees were obtained at Iowa, M.S., 1922; and Ph.D., 1924. 

He was born at Radcliflfe, Iowa, on April 20, 1889, and died on July 23, 
1941, while visiting at Iowa Palls, Iowa. He is survived by Mrs. Himmel 
and their son, to whom we express our keen sympathy. 

Annual Review of Biochemistry. — ^The tenth volume of the Annual 
Review of Biochemistry was recived in June, too late to be noticed in the 
July number of Plant Physiology. There are 24 reviews, and in spite of 



NOTES 


843 


the difficulties imposed by world conditions which prevents receipt of jour- 
nals and reprints from abroad, they give a clear picture of the advances 
made in the fields covered. The reviews included in this number are as fol- 
lows : Biological oxidations and reductions, by B. S. Guzman Barron ; pro- 
teolytic enzymes, by M. Bergmann and J. S. Fruton; nonproteolytic en- 
zymes, by H. Tauber; chemistry of the carbohydrates and glycosides, by 

A. G. Norman ; chemistry of amino acids and proteins, by M. S. Dunn ; the 
chemistry and metabolism of the compounds of sulphur, by A. White; car- 
bohydrate metabolism, by C. F. Cori and G. T. Cori; fat metabolism, by 
H. Eckstein ; the metabolism of proteins and amino acids, by R. Schoen- 
HEiMER and S. Ratner ; the biochemistry of the nucleic acids, purines, and 
pyrimidines, by F. W. Allen ; the biochemistry of creatine and creatinine, 
by H. H. Beard; detoxication mechanisms, by J. A. Stekol; hormones, by 

B. C. Kendall; the water-soluble vitamins, by H. A. Mattill; nutrition, 
by H. K. Stiebling and R. M. Leverton; relation of soil and plant defi- 
ciencies and of toxic constituents in soils to animal nutrition, by L. A. May- 
nard; mineral nutrition of plants, by A. L. Sommer ; plant growth sub- 
stances, by W. J. Robbins and V. Kavanagh ; spectrometric studies in rela- 
tion to biology, by T. R. Hogness and V. R. Potter ; review of biolumines- 
cence, by B. N. Harvey; the chemistry and metabolism of bacteria, by H. A. 
Barker ; biochemical nitrogen fixation, by D. Burk and R. H. Burris ; and 
properties of protein monolayers, by E. Gorter. 

A short biographj" of Carl Lucas Alrberg, formerly a member of the 
editorial committee of this annual, whose death occurred late in 1940, pre- 
cedes the reviews. The names appearing on the editorial committee for the 
first time, are H. J. Almquist and H. A. Spoehr. 

The service being rendered to chemical biology by the Annual Review 
of Biochemistry is of incalculable value. Every student and research man 
in this field should have access to the complete file, and make use of it as a 
guide to the trends and significance of biochemical progress. 

The work is obtainable from Annual Reviews, Inc., Stanford University, 
at $5.00 per copy. 
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Dates, pH determination, 407 
Death, influence on water absorption at 
contiguous regions of roots, 33 
Dedication, note on, 841 
Deflciencies, mineral. If they could speak, 
433 

Deficiency symptoms, calcium, in bean 
plant, effect of form of available 
nitrogen on, 145 

Deficiency, manganese, effect on histology 
of the tomato, 189 

nitrogen, and ii^ibition of increase and 
activity of tobacco-mosaic virus, 227 


Dehydration injury, 171 

Determination, of chemical characteristics 
of soils, 89 

of pH, in plant tissue, 405 
potassium, by cobaltinitrite method, 
effects of temperature and pH, 411 

Dexter, 8. T., Effects of periods of warm 
weather upon the winter condition of 
a plant, 181 

Diagnosis, foliar, study of climatic in- 
fluences on nutrition of greenhouse 
tomatoes, 117 

Discs, potato, effects of pH and com- 
ponents of bicarbonate and phosphate 
buffered solutions on metabolism of, 
481 

effects of salt concentration on metab- 
olism of, 85 

Distilled water, effect on root develop- 
ment, corn, tomato, 555 

Distribution, of intermediate products 
of photosynthesis in plant cell, radio- 
active carbon, 654 
of moisture, in soil containers, 821 
unequal, of soluble solids, in i)ulp of 
citrus fruits, 293 

Dormant period, yellow poplar, changes in 
composition of twigs and buds dur- 
ing, 415 

Durell, William Donald, The effect of 
aeration on growth of the tomato, in 
nutrient solution, 327 

E 

E\ton, Frank M., Plant culture equip- 
ment, 385 

Water uptake and root growth as in- 
fluenced by inequalities in the con- 
centration of the substrate, 545 
Use of nitric acid in control of pH and 
nitrate levels in nutrient solution, 834 

Eighteenth annual meeting, A.8.P.P., 
837 

Election, annual, 657 

Elements, minor, second annual supple 
ment to bibliography of, 658 
trace, significant r61es in idant nutri- 
tion, 435 

Eltingb, Ethel Taber, Effect of manga- 
nese deficiency upon the histology' of 
Lycopersicum esculentum, 189 
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Enzyme research^ methods of, E. Bamann 
and K. Myksack, 220, 4B2, 659 
Epidermal cells, production of solutes in, 
637 

Equipn;ient, plant culture, 385 
Errata, 430, 842 

Estimate of quality, muskmelons, use of 
refractive index for, 611 
Exchange, base, total capacity of soil, 
determination of, 43 

Exchange capacity, organic colloid, de- 
termination in soils, 45 
Excised barley shoots, transformation of 
sugars in, 699 

onion roots, water balance in, 447 
Experimental idots, automatic watering 
of, 207 

Extract, irradiated leaf, transmission 
spectrograms, 210 

leaf, transmission spectrograms, 425 
Extracts, of soils, in determination of 
chemical ))roi)erties of soils, 48 
plant, spectroscopic analysis of, for 
chlorophylls a and b, 651 
Exudate, phloem, of Cucurhxta pepo, sig- 
nificance in translocation, 61 
volume of, relation to volume intake of 
water, in onion roots, 447 

F 

Fall grow'n tomatoes, greenhouse, foliar 
diagnosis study of climatic influences 
on nutrition of, 117 
Fellowship, for women, 431 
Ferguson, Frederick F., Comparative 
transmission spectrograms of an irra- 
diated leaf extract, 210 
Comparative spectrograms of diflFerent 
concentrations of leaf extract, 425 
Ferguson, W. C., The effect of high con- 
centrations of carbon dioxide on the 
glutamine and asparagine metabolism 
of the sugar beet, 677 
Fermentation, alcoholic, formation of 
formic acid in, 755 

formation of lactic acid by yeast in, 
343 

Field samples, of soils, collections and 
preparation of samples for analysis, 
40 


Pipe, J. M., The effect of high concentra* 
tions of carbon dioxide on the gluta- 
mine and asparagine metabolism of 
the sugar beet, 677 

Films, plastic, seed impressions on, 422 

Fixation, symbiotic nitrogen. Perry W. 
Wilson, 219 

Flowering, of wheat, effects of x-rays on, 
378 

Fluids, from plant tissues, a press for re- 
covery, 419 

Foliar diagnosis, study of climatic influ- 
ences on the nutrition of greenhouse 
tomatoes, 117 

Formation, root, of Phaseolus vulgaris, 
factors affecting, 585 
of formic acid, in alcoholic fermenta- 
tion, 755 

of lactic acid by yeast in alcoholic fer- 
mentation, 343 

Formic acid, formation in alcoholic fer- 
mentation, 755 

Freezing point, of citrus juice, 304 

Frenkel, Albert W., Photosynthesis with 
radioactive carbon, and the distribu- 
tion of the intermediate products in 
the plant cell, 654 

Fruit production, modem, J. H, Gourley 
and Freeman 8. Howlett, 660 

Fruits, citrus, unequal distribution of 
soluble solids in the pulp of, 293 
muskmelon, refractive index as an esti- 
mate of quality, 611 

Fc'ller, Harry J., General botany out- 
line, 433 

Furnstal, a. H., a press for recovery 
of fluids from plant tissues, 419 

G 

Galleys, 217 

Ganong, William Francis, life member- 
ship award to, 215 
obit., 842 

Gas, in brow'n alga, Nereoeystis lueilceana, 
pressure - composition relationshijis, 
361 

Gehenio, P. M., Life and death at low 
temperatures, 221 

General botany, outline, Harry J. Ful- 
ler, 433 
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Gibtok, Raymond E., A sieve tube trans- 
loeation modeb 831 

Glutamine metabolism, effect of high con- 
centrations of CO 2 , sugar beet, 677 

Gourley, J, H., Modern fruit production, 
66Q 

Grass, Sudan, accumulation of arsenic in 
shoots of, 521 

Gravity, relation to absorption of water 
by roots, 32 

Greenhouse tomatoes, foliar diagnosis 
study of climatic ii^fluences on nutri- 
tion of, 117 

Growth, of plants, determination of chemi- 
cal characteristics of soil affecting, 
39 

of tomato, in nutrient solution, effect of 
aeration on, 327 

of trees, effect of cicada injuries on sub 
sequent, 827 

of wheat, effects of x-rays, 373 

root, influenced by inequalities in con- 
centration of substrate, 545 

Growth-promoting substance, phcnylacetic 
acid, lack of inhibition of lateral 
buds by, 203 

Gustafson, Peux G., Lack of inhibition 
of lateral buds by the growth-pro- 
moting substance phenylacetic acid, 
203 

H 

Haas, A. R. C., pH determination in 
plant tissue, 405 

Hales, Stephen, award to Philip Rodney 
White, 216 

Hardened condition, winter, effect of 
warm weather, 181 

Hassid, W. Z., Transformation of sugars 
in excised barley shoots, 599 

Hay, alfalfa, hexose-phosphate in, 212 

Heading, of wheat, effects of x-rays on, 
378 

Heart of Prance, aster, effects of supple- 
mentary illumination on metabolism 
of, 621 

Hendrickson, A. H., Moisture distribu- 
tion in soil in containers, 821 

Hexose-phosphate, in alfalfa hay, 2l2 

Himmbl, Walter Joseph, obit., 842 


Histology, of tomato, effect of manganese 
deficiency on, 189 

Hohl, Leonora A., Lactic acid fonaation 
in alcoholic fermentation by yeast, 

343 

Formic acid formation in alcoholic fer- 
mentation, 755 

Howlett, Freeman S., Modem fruit pro- 
duction, 660 

Hunger signs, in crops, monograph, 659 

Hydrogen, exchangeable, of soil, deter- 
mination of, 45 

Hydrogen-ion concentration, tolerance of 
shortleaf pine seedlings to variations 
in, 313 

I 


Illumination, supplementary, effects on 
carbohydrate and nitrogen metabo- 
lism of the aster, Heart of Prance, 
621 




Impressions, seed, on plastic films, 422 
Index, general, vol. 16, Plant Physiol- 
ogy, 845 

refractive, as an estimate of quality, 
muskmelon fruits, 611 
Indicators, preparation for volumetric 
analysis, 59 

Induced root modifications, Viria fdha^ 
with soft x-rays, 159 

Inequalities, in concentration of sub 
strate, and water uptake and root 
growth, 545 

Inhibition, lack of effect on lateral buds, 
by phenylacetic acid, 203 
of increase and activity of tobacco- 
mosaic virus, with nitrogen defi- 
ciency, 227 

Injury, caused by cicada, effect on later 
tree growth, 827 
dehydration, and resistance, 171 
Intact roots, comparison of rates of water 
intake in contiguous regions, 19 
Intake, volume of, relation to volume 
exudate of water in onion roots, 447 
Integrating light recorder, inexpensive, 
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Intensity, low light, response of seedlings 
to various wavebands, 241 
of nutrition, tomatoes, basis of NPK 
units, 128 
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Intermediate products, distribution in 
plant cell, photosynthesis with radio- 
active carbon, 654 

Interrelations, of cations and anions, in a 
three-salt nutrient, effect on barley 
seedlings, 813 

Iodides, toxicity of, antagonism of 
chlorides to, 393 

Ion, common, to calcium and potassium 
salts, effect on metabolism of potato 
discs, 85 

Tons, absorption by potato discs, effects 
of pH and components of buffered 
solutions on, 481 

Iron, relationship to manganese in nutri- 
tion, 442 

Iron group, soil analysis, 52 

Irradiated leaf extracts, transmission 
spectrograms, 210 

Irradiation, low light intensity, response 
of seedlings to various wavebands, 
241 

■with soft x-rays, root modifications in 
Vina faha, 159 

Isolated roots, comparison of rates of 
water intake in continguous regions, 
39 

root segments, onion, water balance in, 
447 

J 

JofeiiYN, M. A., Lactic acid formation in 
alcoholic fermentation by yeast, 343 

Formic acid formation in alcoholic fer- 
mentation, 755 

K 

Kfrston, H., Hoot modifications induced 
in V icia faha by irradiating dry 
seeds with soft x-rays, 159 

Krotkov, G., The respiratory metabolism 
of McIntosh apples during ontogeny, 
as determined at 22° C., 799 

L 

Lactic acid, formation by yeast in alco- 
holic fermentation, 257 

Lamps, Mazda, effects of supplementary 
illumination with, on carbohydrate 
and nitrogen metabolism of the aster. 
Heart of France, 621 


Larson, Bussell, Eefractive index as an 
estimate of quality between and 
within muskmelon fruits, 611 
Lateral buds, lack of inhibition by phenyl- 
acetic acid, 203 

Leaf, of Phcuteolits vulgaris ^ influence on 
root formation, 587 

Leaf extracts, comparative transmission 
spectrograms, 210, 425 
Leaves, apple, influence of Bordeaux mix- 
ture on transpiration and apparent 
photosynthesis, 721 

influence of soil moisture on photosyn- 
thesis, respiration, and transpiration 
of, 565 

sunflower, absorption and utilization of 
radioactive carbon dioxide by, 257 
Lemon peel, pH determination of, 407 
Lewis, J. C., Antagonistic action of 
chlorides on the toxicity of iodides 
to corn, 393 

Life membership award, to William 
Francis Ganong, 215 
Light, low intensity, response of seedlings 
to various wavebands, 241 
Light, recorder, integrating, 629 
Lime requirement, of soils, determination, 
42 

Lithium, selective absorption of, 707 
Lundeg&rdh hypothesis, of salt accumu- 
lation, 307 

Luyet, Basile .7,, Life and death at low 
temperatures, 221 

Lycopcrsicum csculeviumy effect of man- 
ganese deficiency upon histology of, 
189 

M 

Machlis, Leonard, Accumulation of 
arsenic in the shoots of Sudan grass 
and bush bean, 521 

Mack, Warren B., Foliar diagnosis study 
of climatic influences on the nutrition 
of spring and fall grown greenhouse 
tomatoes, 137 

Magwicoffa septenrlecim, effect of injuries 
caused by, on later growth of trees, 
827 

Magnesium, determination in soils, 53 
selective absorption, 708 
Manganese, deficiency, effect on histology 
of tomato, 189 
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telatioAship to iron in plant nutrition, 
442 

seleetiTO absorption, 7D8 
Mason*, T. G., Some comments on tbe 
mechanism of phloem transport, 399 
Mazda lamps, effects of supplementary 
illumination with, on carbohydrate 
and nitrogen metabolism of aster. 
Heart of France, 621 
McCreadt, B. M., Transformation of 
sugars in excised barley shoots, 599 
McDermott, J. Joseph, Changes in 
cliemical compositibn of twigs and 
buds of yellow poplar during the 
dormant period, 415 

Measurements, automatic conductivity, of 
CO 3 , 643 

Mechanism, of phloem transport, com- 
ments on, 399 

Meeting, eighteenth annual, 837 
seventeenth annual, 215 
summer, 837 

Membership, award, Barnes life, 215 
corresponding, election of P. Boysen 
Jensen, 217 

Metabolism, carbohydrate and nitrogen, 
of aster, effects of supplementary 
illumination, 621 

glutamine and asparagine, effect of 
high concentrations of COg, in sugar 
beet, 677 

of ])otato discs, effects of pll and com- 
ponents of buffered solutions on, 481 
of potato discs, effects of salt concen- 
tration, 85 

respiratory, of McIntosh apples during 
ontogeny, 799 

Meta])olite, succinic acid as, in jdant tis- 
sues, 771 

Methods of enzyme research, E. Bamann 
and K. Myrbagk, 220, 432, 659 
Mineral deficiencies. If they could speak, 
433 

Minor elements, second annual supplement 
to bibliography of, 658 
Model, for sieve tube translocation, 831 
Modem fruit production, J, H. Gouhley 
and Freeman 8. Howlett, 660 
Modifications, root, induced with soft x- 
I'ayg, 159 


Moisture, determination in soil, 41 
distribution, in soil in containers, 821 
soil, influence on photosynthesis, respi- 
ration, and transpiration apple leaves, 
565 

Monographs, 217 

Moore, Caroline Sheldon, obit., 219 
Morris, V. H,, Toxicity of selenium-con- 
taining plants as a means of control 
for rod spiders, 197 

Mosaic, tobacco-, vii'us, influence of nitro- 
gen supply on rate of multiplication, 
663 

MrLLisoN, Wendell B., The effect on 
barley seedlings of some interrela- 
tions of cations and anions in a three- 
salt nutrient solution, 813 
Multiplication, of tobacco-mosaic virus, 
rate influenced by nitrogen supply, 
663 

Muskmolon, fruits, refractive index as an 
estimate of quality, 611 
Myrback, K., Methods of enzyme re- 
search, 220, 432, 659 

N 

Necrology, 218, 841 

Netswander, C. B., Toxicity of seleuium- 
containing plants as a means of con- 
trol for red spiders, 197 
N error yf(Hs lueilccana^ pressure-composi- 
tion relationships of gas in, 361 
New England section, 429, 837 
Nitrate, determination in soil, 46 

levels, control in nutrient solution, use 
of nitric acid for, 834 
Nitric acid, use in control of ]}H and 
nitrate levels in nutrient solutions, 
834 

Nitrogen, determination in soil, 47 
fixation, symbiotic, Perry W. Wilson, 
219 

form, of available, effect on calcium 
deficiency symptoms in bean plant, 
145 

fractions, soluble, of potato discs, effect 
of salt concentration on, 95 
of aster, effects of supplementary 
illumination, 621 
metabolism, of potato discs, 508 
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metabolism and respiration of potato 
discs and barley plants, 110 
percentage in dried foliage, tomato, as 
indicative of course of nutrition, 126 
source, effect on formic acid formation, 
760 

effect on lactic acid formation, 354 
supply, influence on rate of multiplica- 
tion of tobacco-mosaic virus, 227 
Nitrogen-deficient conditions, inhibition 
of increase and activity of tobacco- 
mosaic virus, 227 

XOGOLE, G. B., The determination of 
selected chemical characteristics of 
soil which affect the growth and 
composition of plants, 39 
Nutrient, solution, control of pH and 
nitrate levels, use of nitric acid, 834 
growth of tomato in, effect of aeration, 
327 

three-salt, interrelations of cations and 
anions, effect on barley seedlings, 813 
Nutrients, mineral, influence on root for- 
mation, PhaneoJnH vulgarh, 589 
Nutrition, effects on bound water of plant 
sap, 785 

foliar diagnosis study of clinuitic in- 
fluences on, greenhouse tomatoes, 117 
of ])lants, significant r51es of trace ele- 
ments in, 435 

Nutritional requirements, of PhgmatO’ 
frichtim onivivorunif critical study 
of, 1 

0 

Onion root, water balance in, 447 
Ontogeny, of McFiitosh apples, res]>ira- 
tory metabolism during, 799 
Organic materials, translocation of, sig- 
nificance of phloem exudate, Cucur- 
hifa inpo, 61 

Osmotic pressure, effects on water uptJike, 
553 

OSTERHOUT, WiNTHROP JOHN VANLEUVEN, 
note on dedication, 658 
portrait, frontispiece, July no.. Plant 
Phtsiology 

Oxidase activity, of potato cells, effect of 
salt concentration on, 102 
Oxygen, effect upon lactic acid formation, 
357 


P 

pH, control in nutrient solutions, by use 
of nitric acid, 834 

effects on metabolism of potato discs, 
481 

Phaseolus vulgaru, factors affecting root 
formation of, 586 

Phosphate buffered eolations, effects of 
components of, on metabolism of 
potato discs, 481 

Photosynthesis, E. C. C. Baly, 431 
apparent, of apple leaves, in^uence of 
Bordeaux mixture on, 721 
influence of soil moisture on, apple 
leaves, 565 

with radioactive carbon, 654 

Physiology, annual review of, 660 

Plant, cell, distribution of intermediate 
products in, photosynthesis with 
radioactive carbon, 654 
extracts, spectroscopic analysis for 
chloro))hylls a and 5, 651 
sap, bound water of, effect of tempera- 
ture and nutrition on, 785 
tissues, succinic acid as a metabolite 
in, 771 

Plants, higher, selective absorption of 
cations by, 691 

nutrition of, significant roles of trace 
elements in, 435 

Potassium, Belectiv<' absorption, 708 

Potato discs, effects of pH and buffered 
solutions on metabolism and ability 
to absorb ions, 481 

effects of salt concentration on metabo- 
lism, contrasted effect of potassium 
and calcium salts with common ion, 
85 

PouTASSE, Eugene F., Factors affecting 
root formation of Phaseolm vulgaris^ 
585 

Preston, C., Effects of pH and the com- 
ponents of bicarbonate and phosphate 
buffered solutions on the metabolism 
of potato discs and their ability to 
absorb ions, 481 

Production, modem fruit, J. H. Gourley 
and Freeman S. Howlbtt, 660 
of solutes, in growing epidermal colls, 
637 
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of BubataHee by Bhizopus suinus, 
agencies affecting, 461 
Products, intermediate, of photosynthesis 
with radioactive carbon, distribution 
of, in plant cell, 654 
PircoiBt, GiX)BaB W., Succinic acid as a 
naetabolite in plant tissues, 771 
Purdue section, 657 

Q 

Quality, of muskmelons, use of refractive 
index as an estimate of, 611 
Quantitative chemical anklysis of soils, 39 

R 

Badioactive carbon, photosynthesis with, 
654 

carbon dioxide, absorption and utiliza- 
tion, by stmflower leaves, 267 
Bate, of multiplication of tobacco-mosaic 
virus, influence of nitrogen supply, 
663 

Bates, of water intake, in contiguous 
regions of roots, 19 
Becorder, light, integrating, 628 
Becovery, of fluids from plant tissues, 
press for, 419 

Bed spiders, control, toxicity of selenium- 
containing plants, 197 
Befractive index, as an estimate of qual- 
ity, muskmelons, 611 
Begions, contiguous, of roots, comparison 
of rates of water intake, 19 
Beproduction, of wheat, effects of x-rays, 
373 

Bequlrements, nutritional, of PhymatO’ 
iriohum oimvvorum, critical study 
of, 1 

Besearch, enzyme, methods of, E. BaNANN 
and K. Mybback, 220, 432, 669 
Besistance, and dehydration injury, 171 
Bespiration, of apple leaves, influence of 
soil moisture on, 565 
of potato discs, 505 
of potato discs, effects of salt concen- 
tration, 87 

Bespiratory metabolism, of Afclntosh 
apples during ontogeny, 799 
Beview, annual, of biochemii^^, 842 
of physiology, ^0 


Bhizopus suinus, agencies affecting pro- 
duction of substance B by, 447 

Bigg, Gbohge B., Pressure-composition 
relationships of the gas in the marine 
brown alga, Nereoeystis luelheana, 
361 

BOles, significant, of trace elements in 
nutrition, 435 

Boot, formation, of Phaseolus ^mlffans, 
factors affecting, 585 
growth, influenced by inequalities in 
concentration of substrate, 545 
modifications, Vtcta fab a, induced with 
soft x-rays, 169 
onion, water balance in, 447 

Boots, intact and isolated, comparison of 
rates of water intake in contiguous 
regions, 19 

Bosene, Hilda F., Comparison of rates 
of water intake in contiguous regions 
of intact and isolated roots, 19 
Water balance in the onion root: rela- 
tion of volume intake to \olume exu- 
date of excised roots and isolated root 
segments, 447 

Bubidium, selective absorption, 708 

s 

Salt, concentration, effect on metabolism 
of potato discs, 85 

Ralts, unilaterally supplied, effects on 
water uptake and root growth, 548 

Sap, plant, bound water of, effects of 
temperature and nutrition on, 785 

Savke, J. B., Toxicity of selenium con- 
taining plants as a means of control 
for red spiders, 197 

SCAETH, G. W., Dehydration injury and 
resistance, 171 

ScHNEiDBB, G. William, Influence of soil 
moisture on photosynthesis, respira- 
tion, and transpiration of apple 
leaves, 565 

Section, New England, 429, 837 
Purdue, 657 

Southern, formerly Southeastern, 218, 
429 

WTestern, 430, 838 

Seed, impressions, on plastic films, 422 
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Beedfl^ dij^ of Viom faha, root modifica- 
tioiiB induced with soft x-rays, 169 
Seedlings, barley, effect of interrelations 
of cations and anions in a three-salt 
nutrient solution, 813 
response to various wavebands of low’ 
intensity irradiation, 227 
shortlcaf pine, tolerance for variations 
in soluble calcium and H-ion concen- 
tration, 313 

Selective absorption, of cations by higher 
plants, 691 

Selenium-containing plants, toxicity, in 
control of red spiders, 197 
Seventeenth annual meeting, 215 
Shawsr, Jr., John, Automatic conduc- 
tivity measurements of CO 2 , 643 
* Hhivf, John W., Signidcant rdles of 
trace elements in the nutrition of 
plants, 435 

Shoots, excised barley, transformation of 
sugars in, 599 

of Sudan grass and bush bean, accumu 
lation of arsenic in, 521 
Shortleaf pine seedlings, tolerance for 
variations in soluble calcium and 
Il-ion concentration, 313 
Shull, Charles A., Jethro Tx’ll in 
memoriam, 223 

Sieve tube, translocation model, 831 
Signs, hunger, in crops, monograph, 658 
Sinclair, Walton B., Unequal distribu 
tion of soluble solids in the pulp of 
citrus fruits, 293 

Skok, John, Effect of the form of the 
available nitrogen on the calcium de 
ticiency symptoms in the bean plant, 
145 

Smith, G. F., Boot modifications induced 
in Vina faha by irradiating dry 
seeds with soft x-rays, 159 
Smith, James II. C., Absorption and util- 
ization of radioactive carbon dioxide 
by sundow’er leaves, 267 
Sodium, determination in soils, 57 
selective absorption, 707 
Soil, chemical characteristics, determina 
tion of, 39 

in containers, distribution of moisture 
in, 821 


moisture, influence on photosynthesis, 
respiration, and transpiration, apple 
leaves, 565 

Solids, soluble, unequal distribution, in 
the pulp of citrus fruits, 293 
Solutes, production in growing epidermal 
cells, 637 

Solution, nutrient, control of pH and 
nitrate levels, use of nitric acid for, 
834 

three salt, interrelations of cations and 
anions, effect on barley seedlings, 813 
Solutions, buffered, effects on metabolism 
of potato discs, 481 
Southern section, 218, 429 
SouTHWicK, Franklin W., Influence of 
Bordeaux mixture and its component 
parts on tr^spiration and apparent 
photosynthesis of apple leaves, 721 
Space, conservation of, 841 
Spectrograms, transmission, of irradiated 
leaf extracts, 210 
of leaf extracts, 425 

Spectros<*opic analysis, of plant extracts 
for chlorophylls a and h, 651 
Spencer, Ernest L., Inhibition of in 
crease and activity of tobacco-mosaic 
virus under nitrogen-deficient condi 
tions, 227 

Influence of nitrogen supply on the 
rate of multiplication of tobacco 
mosaic virus, 663 

Spiders, red, toxicity of selenium contain 
ing plants as control of, 197 
Sprague, V. G., An inexpensive inte 
grating light recorder, 628 
Spring grown tomatoes, greenhouse, foliar 
diagnosis study of climatic influences 
on nutrition, 117 

Stem, Phcuteolm vulgaris, influence on root 
formation, 587 

Steward, F. 0., The effect of salt con- 
centration upon the metabolism of 
potato discs and the contrasted effect 
of potassium and calcium salts which 
have a common ion, 85 
Effects of pH and the components of 
bicarbonate and pho^hate buffered 
solutions on the metabolism of potato 
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discs and thoir ability to absorb ions^ 
481 

Strontium, selective absorption, 708 

Substance, growth-promoting, phenyl- 
acetic acid, lack of inhibition of 
lateral buds by, 203 

Substance B, agencies affecting produc- 
tion of, in Mhigoptis suiniut, 461 

Substrate, inequalities in concentration 
of, effects on water uptake and root 
growth, 545 

Succinic acid, as a metabolite in plant 
tissues, 771 

Sudan grass, accumulation of arsenic in 
shoots of, 521 

Sugar beet, glutamine and asparagine 
metabolism, effects of high concen- 
trations of CO„ 677 

Sugars, movement, in translocation, Cu- 
curhita pepo, 75 

transformation in excised barley shoots, 
599 

Sulphur, determination in soils, 57 

Summer meeting, 837 

Sunflower, leaves, absorption and utiliza- 
tion of radioactive carbon dioxide 
by, 257 

Supplementary illumination, some effects 
on carbohydrate and nitrogen me- 
tabolism of the aster, Heart of 
France, 621 

Supply, nitrogen, influence on rate of 
multiplication of tobacco-mosaic 
virus, 663 

Swain, Lyle A,, Pressure-composition 
relationships of the gas in the marine 
brown alga, Nereocystis luetkeana, 
361 

Symbiotic nitrogen fixation, PERJttY W. 
Wilson, 219 

Symptoms, calcium deficiency, in bean 
plant, effect of available form of 
nitrogen on, 145 

Systems, colloidal, nature of bound water 
in, 273 

T 

Talley, Paul A critical study of the 
nutritional requirements of Phymato- 
irichvm omipiv^m, 1 


Temperature, effect on bound water of 
plant sap, 785 

effect on potassium determination, co- 
baltinitrite method, 411 

life and death at low, Basils J. Luyet 
and P. M. Gehenio, 221 

thermionic control of, highly simplified, 
647 

Thermionic control, of temperature, highly 
simplified, 647 

Thiamann, Kenneth V., Factors affect- 
ing root formation of Phaseolus vul- 
ganSf 585 
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